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(i)
ABSTRACT
Many new compounds of chromium(II), vanadium(II), and 
vanadium(III) have been prepared under anaerobic conditions and 
investigated by spectroscopic, magnetic susceptibility, and X-ray 
powder and single crystal techniques.
New tetrahalogenochromates(II) containing mixed halides of the
type [o-CH3C6H4NH3 ]2 [CrClxBr4_x(B) ] (where x = 4, 3, 2, B =
CH3C02H; x = 4, 1, 0, B = C2H5C02H; x = 4, B = C4HgO)
[NH4 ] 2 [ CrClxBr4_x] nCH3C02H (where x = 3, n = 1; x = 0, n = 0.5),
[(CH3 )2NH2 ]2 [CrCl2Br2 ]CH3C02H, [CgHg(CH2 )2NH2 (CH3 )]2 [CrCl4 I,
[C6H5NH3 ]2 [CrClxBr4_x] (x=2, 0.5), [C6H5CH2NH3 ]2 [CrxBr4_x] (x= 
3.3, 2.2, 1, 0) and the trihalogenochromate(II) [CgH5NH3] [CrCl3] 
have been characterised. The o-methylanilinium salts are all 
magnetically-normal, high-spin chromium(ll) compounds. The 
ammonium, dimethylammonium, N-methylphenethylammonium and 
anilinium salts are antiferromagnetic, whereas all benzylammonium 
salts exhibit typical ferromagnetic behaviour. Reflectance 
spectra are as expected for tetragonally distorted octahedral 
chromium(II) compounds. Thus, from the magnetic and spectral 
results halide-bridged polymeric structures have been assigned 
except to the o-methylanilinium salts which probably contain 
square-pyramidal anions. Single crystal X-ray investigations
show that [CgH3NH3 ][CrCl3] consists of linear chains of face- 
sharing distorted [CrClg] octahedra, and in [CgH3CH2NH3 ]2 [CrBr4]
9 —each square planar [CrBr4] unit is bridged by bromide ions to 
four like units to form layers. A series of halide adducts of
(ii)
tetrakis(acetato)dichromium(II) of the type
[A]4 [Cr2 (CH3C0 2 )4X2 ]X2 (where A = NH4, C6H5NH3, C6H5CH2NH3, X = 
Cl or Br; A = 0.5C4H1 2N2, CgH5 (CH2 )2NH2 (CH3),' X = Cl; A = ;C5H5NH, 
X = Br) and [A] 2 [Cr2 (CH3C02 )4C12] (A = C(NH2)3, C5H5NH) has been 
prepared. All are almost diamagnetic and retain the acetato- 
bridged dinuclear structure.
The di-tertiary phosphine complexes [CrX2 (dmpe)2] X = Br or I; 
dmpe = bis(1,2-dimethylphosphino)ethane, [CrX2 (depe)2]X = Cl, Br 
or I; depe = bis(1,2-diethylphosphino)ethane, are low spin except 
trans-[Crl2 (depe) 2], which is unusual in that it is high spin at 
room temperature, but undergoes a sharp transition to the low 
spin form at ca. 170°K. It is the first example of spin- 
crossover in a chromium(ll) complex.
The known complexes of acetonitrile [CrX2 (MeCN)2] (X = Cl or Br) 
have halide-bridged linear polymeric structures instead of the 
distorted tetrahedral structure reported earlier. Both are 
weakly antiferromagnetic.
Chromium(ll) complexes with triphenylphosphine oxide of the type 
[CrX2 (Ph3PO)2] (X = Cl, Br or I), [CrX2 (Ph3PO)2 (THF)2] (X = Br or 
I) have been re-prepared. The complex [CrBr2 (Ph3PO)2] is trans 
planar and not tetrahedral as proposed earlier and it is 
isomorphous with [CrCl2 (Ph3PO)2], but not with [Crl2 (Ph3PO)2]. 
Some crystals obtained during the preparation of the iodo-complex 
were found by X-ray investigation to consist of trigonal 
bipyramidal [Crl2 (Ph3PO)3 ].
(iii)
Novel series of complex halides of vanadium(ll) 
[A]2 [VCI4 (CH3CO2H)2] and vanadium(III), [A]4 [VC16 ]C1 and
[A]2 [VCI5 (B)] (where A is an organic cation and B is CH3C02H or 
C2H5CO2H) have been found to be magnetically normal, octahedral 
complexes. The structure has been confirmed by an X-ray 
investigation of [MeNH3 ]4 [VCl^]Cl. Some new vanadium(II)
complexes with aromatic diamines of the type V(L)4X2f X = Cl or 
Br; L= o-phenylenediamine or 4-methyl-o-phenylenediamine have 
been characterised.
(iv)
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CHAPTER 1
INTRODUCTION
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1.1 CHROMIUM(II) CHEMISTRY
Chromium is a member of the first row transition metals,
belonging to Group VI of the periodic table. It has the
electronic configuration [Ar]3d^ 4s^. It forms compounds in
oxidation states ranging from -II to +VI. From the position of 
chromium in the periodic table, it would be expected to show 
predominantly class A behaviour in its +11 and +III oxidation
states. It should therefore, tend to form more stable compounds 
with oxygen and nitrogen donor ligands than with phosphorus or 
sulphur donor ligands and with fluoride rather than chloride or 
bromide. ^
Compounds of chromium with a wide variety of oxidation state and 
stereochemistry are known. This thesis is concerned with the
9synthesis of new chromium(ll) complexes. Examples of some known 
compounds of chromium(II) and their geometry are given in
Table 1.1.
Several articles have appeared dealing with the coordination,
3—i nmechanistic and solution chemistry of chromium. The stable
and important states are Cr111 and CrVI, but since the present 
thesis deals with compounds of Cr11, the chemistry of Cr11 only 
is briefly described in the following section.
The aqueous Cr11 ion is bright blue and highly sensitive to 
aerial oxidation. Indeed, for a while it was thought impossible 
to obtain pure Cr11 salts from aqueous solution by the reaction 
of metal with acid. Hydrogen ions were thought to cause
-  2 -  
TABLE 1.1
Some Chromium(II) Compounds
Oxidation Coord. Geometry
state no.
Examples
Cr11, d4 3 Distorted 'T! Cr(OCBut3 )2 •LiCl(THF) 2
4 Planar
4 Distorted
Tetrahedral
Cr{N(SiMe3 )2 }2 (THF) 2
[Et4N]2 [Cr(S2C2H4 )2 ]
[CrCl2 (MeCN)2]
[Cr(NO){N(SiMe3)2}3]
Trigonal
bipyramidal
[CrBr{N(CH2CH2NMe2)3}]+
5 Square pyramidal [Cr(NH3 )4H20] 2+
High spin, dist. 
octahedral 
Low spin, 
octahedral
[Cr(en)3]2+
2n-[CrCl4]n 
[Cr(phen)3 12+ 
[Cr(CN)6]4-
Tetragonal base: [Cr(CNBut)y]
trigonal cap(4:3)
Pentagonal [CrH2 {P(OMe)3 )3]
bipyramidal
- 3 -
11 12 oxidation. A Hunt and Earleyx have since shown that in the
absence of catalysing impurities, oxidation by hydrogen ion is
very slow, so that Cr11 salts can be and have been obtained.*3' * 4
The strong reducing property of Cr11 is because of its low half
cell potential. The standard electrode potential for the
half cell reaction
Cr3 + + e c-— =- > Cr2+ is -0.41 V.
Because of this property, chromium(ll) compounds have been
extensively used to reduce organic c o m p o u n d s . T h u s ,  alkyl
halides can be reduced to alkanes, particularly if aqueous DMF is
used as solvent and ethylenediamine is present. The strong
reducing property can also be seen from its use in volumetric
1 ftanalysis, ° and the precipitation of thallium metal from an
aqueous solution of thallium(l) sulphate. Recently, the
application of chromium(ll) chloride for the reduction of
[Mo2 (U-C1)3C16] " and the triply bonded molybdenum hydride
complex ion [Mo2 (y-H)(y-Cl)Clg]3" to [Mo2C1q]4~ has been
on
reported.
Chromium(Il) compounds are difficult to prepare due to their air-
sensitive nature. Different methods have been used for excluding
oxygen, e.g. highly efficient glove boxes containing a nitrogen 
21 22atmosphere^x' ■  and glass apparatus flushed out with nitrogen, CO 
or coal gas. Work on Cr** has also been reported in which 
compounds have been prepared in solution under a layer of
petroleum ether or toluene. However the development of nitrogen
2 2—2 ft .and vacuum lines, and the use of Schlenk and similar
techniques has greatly facilitated the preparation of Cr11 
compounds. Cr11 forms complexes with coordination number 3 to 7 
although it is commonly 6 coordinate forming complexes which are 
high spin (t^2g e"^g configuration) or with strong field ligands, 
low spin (t^2g confiGurati°n)•
Chromium(II) solutions can be prepared by any one of the 
following methods:
(1) The electrolytic reduction of chromium(III)
solutions.26,27
(2) By dissolving chromium(II) acetate in mineral acid.
(3) By heating an excess of spectroscopically pure chromium 
with dilute non-oxidising acid.^'^
(4) By the reduction of chromium(III) salts with zinc and
OQmineral acid.
(5) By reducing chromium(III) salts with hydrogen at a high
30temperature.
Generally, chromium(ll) halides, the acetate or acetonitrile 
solutions are used as starting materials for the preparation of 
compounds. The method of preparation of specific chromium(II) 
salts and solutions is given in Table 1.2.
Procedure (3) has been used in this work as it provides the 
easiest route to pure chromium(ll) compounds. Also, all Cr11 
compounds were prepared from anhydrous Cr11 halides since the use
- 5 -
TABLE 1.2
Chromium(II) Starting Materials
Compound Preparation Ref
[Cr2 (02CMe)4 (H20)2] 
Dark red
CrCl2 .4H20
Blue
CrBr2 .6H20 
Blue
CrI2 .6H20
Blue
[Cr(acac)2] 
Light yellow 
[CrCl2 (MeCN)2] 
Pale blue 
[CrCl2 (THF)2] 
Pale green 
[CrCl2 (THF)] 
White
[CrBr2 (THF)2] 
Pale blue green
CrI:i:(aq) + Na02CMe;
brown[Cr2 (02CMe)4]
on continuous pumping 
at 100°C.
Cr + HC1, conc. solution 
add Me2CO; white CrCl2 by 
thermal dehydration at 
120-140°C
Cr + HBr, conc. solution 
add Me2CO; pale yellow CrBr2 
by thermal dehydration at 
120°C
Cr + HI, conc. solution; 
dark brown Crl2 by 
thermal dehydration at 120°C
[Cr2 (02CMe)4 (H20)2]+ 
acacH, H20
Anhydrous CrCl2 in 
EtOH + MeCN
CrCl2 extracted with THF
Cr + HCl(g) in THF
Crystallised from CrBr2 + 
THF
31,32
2,27,
28,33
2,27,
28,33
34
2,27,
28,33
31
33
35
36
37
- 6 -
of hydrated halides in some cases can lead to hydrolysis,
*5 Q
oxidation or failure to complex with weak donor ligands.
From ligand field theory, it can be shown that the 3d4
T T Qconfiguration of Cr is equivalent to the 3d configuration of
Cu11. Marked Jahn-Teller distortion has been found for both. A
consequence of this is that one would expect high-spin
chromium(ll) complexes to be very similar to the corresponding
copper (II) complexes. 5 ®” 45 The similarity between copper (II) and
high spin chromium(II) complexes has been an important tool in
the assignment of structures to Cr11 complexes because X-ray
powder photographs often show the complexes to be
isomorphous. 44-53
Comprehensive reviews of chromium(ll) complexes can be found in 
the theses of Patel, 44 Trigg,1® Yavari, 45 Khamar, 45 Nelson- 
Richardson,4  ^ Tucker,4® Tabatabai,4® Babar,5® Roberts, 51
co co 9
Sandell and Leonard. 3 Recently an article has appeared
surveying the literature of chromium compounds. Later work is
summarised in Table 1.3.
- 7 -
TABLE 1,3
Recently Reported Chromium(II) Complexes
Compound y eff (B.M.) Ref
/V300°K ^90°K
Halide Complexes
[MeNHg]2 [CrCl2 7 ^ 5.72 11.90 54
[EtNH3 ]2 [CrCl2 # 6Brl.4 ^ 5.50 10.20 54
[EtNH3 ]2 [CrCl2 # 9Brx ^ x] 5.48 9.43 54
[PrnNH3]2 [CrCl2 >6Br1>4] - - 54
[PrnNH3 ]2 [CrCl2 >2Br1>8] 5.50 10.00 54
[BunNH3 ]2 [CrCl4] 5.60 9.11 54
[BunNH3 ]2 [CrCl2 >6Br1>4] 5.66 9.47 54
[BunNH3 ]2 [CrBr4] 5.95 12.50 54
[(C8H1 7)NH3 ]2 [CrCl2 >2Br1>8] 5.52 9.73 54
[C6H5CH2NH3 ]2 [CrBr4] - - 55
[(CH3 )4N]CrBr3 - - 56
Complexes with Pyridine and Substituted Pyridines
[Cr(py)2 (NCS)2 ]H20 4.37 3.31 57
[Cr(2-Mepy)2 (NCS)2] 4.40 3.13 57
[Cr(3-Mepy)2 (NCS)2] 4.37 3.48 57
[Cr(4-Mepy)2 (NCS)2] 4.22 3.15 57
Cr(Azpy)2Cl2 2.80 - 58
Complexes with Oxo-anions of Phosphorus(V)
Cr(0 2PPh2 )2 «H20 4.89 5.00 59
Cr(0 2PPh2 )2 4.81 4.83 59
- 8 -
TABLE 1.3 continued 
Recently Reported Chromium(II) Complexes
Compound ^eff (B.M.) Ref
a,300°K °°90oK
Cr{o2P(OPh)2^.0.5H2O 4.62 4.51 59
Cr(02PHPh)2 .2H20 4.59 4.15 59
Cr(03PPh)2 .H20 5.22 4.54 59
Cr{02P(0H)F}2 .H20 4.98 4.40 59
Complexes with Hexamethylphosphoramide
CrCl2 (HMPA) 2 4.89 4.90 60
CrBr2 (HMPA) 2 5.03 4.96 60
Cr(BF4 )2 (HMPA) 4 4.72 4.55 60
Complexes with Tertiary Phosphines
[Cr(0 2CCF3 )2 (dmpe)2] - 61
[Cr(MeCN)2 (dmpe)2 ][CF3S03 ] 2 3.30 - 61
[Cr(EtCN)2 (dmpe)2 ][CF3S03 ] 2 3.31 - .61
[CrH(CO)2 (dmpe)2][ BPh4] - 61
[Cr(MeCN)2 (dmpe)2 ][BPh4] 2.80 - 61 (
[CrCl(MeCN)(dmpe)2 ][BPh4] 2.90 - 62
[CrCl2 (dippe) ] 2 5.00 - 63
[CrBr2 (dippe) ] 2 5 . 0 0 - 63
CrBr2 (dippe).MeCN - 63
Carboxylato Complexes
Cr2 (02CCPh3 ) 4 - 64
Cr2(02CCPh3)4.C6H6 - 64
Cr2 (02CCPh3 )4 .C5H5N - 64
- 9 - 
TABLE 1.3 continued
Recently Reported Chromium(II) Complexes
Compound Peff (B.M.) Ref
/v300°K *a90°K
Cr2 (0 2CCPH3 )4 .2Et20 - - 64
Cr2 (02CCPH3 )4 .C4H80 - - 64
Cr2 (02CCPH3 )4 .C4H8N2 - - 64
[Cr2 (02CCCH3 )4 (y-N2H4)] - - 65
Compounds with taec
Cr2 (taec)Cl4 4.70 4.63 66
Cr2 (taec)Br4 4.53 4.53 66
Compounds with Aryloxides
[(2,6-(t-Bu)2-4-MeC6H20)2- 4.83 - 67
Cr(THF)2]
[(2,6-Me2C6H30)4Cr(Na- 67
tmeda)2 ]c6h5ch3
[(OPh)8Cr2 (Na.THF)4] 2.84 - 67
Complexes Containing Heteronuclear Quadruple Bonds 
CrMo(02CCH3 ) 4 - - 68
CrMo(Mhp) 4 - 68
Miscellaneous Complexes
[Li(THF)3 (TTSS)2CrCl2] 69
{[(Pri)2N]Cr[y-(Pri)2N ] } 2 2.30 - 70
- 10 -
1 '2 VANADIUM(II) AND VANADIUM(ill) CHEMISTRY
Vanadium is a member of the first row transition metals belonging 
to Group V of the periodic table. It has the electronic
o p
configuration [Ar]3d 4s and forms a variety of complexes in
71 77oxidation states ranging from -III to +V, ' with the exception
of -II. The oxidation state -III has been observed only in
organometallic compounds. Coordination compounds with formal
oxidation states -I to +III are usually octahedral. Table 1.4 
73gives examples of the coordination geometry adopted by oxidation
states (II) and (III) which are studied in this work. At one
TTtime, the general coordination chemistry of V was not well 
understood and it was thought that complexes of V11 could not be 
isolated because of their high sensitivity towards oxidation by 
air.^ Now improvements in vacuum line and other techniques have 
allowed more extensive investigations of vanadium chemistry. 
Suitable sources of information for the early chemistry of
»7C 7fi
vanadium are Mellor7 and Sidgwick./D More recent work is
71 77—82covered by several reviews. '
o O
Similarities between vanadium(ll) [Ar]d and nickel(II)[Ar]d°
spectra are predicted by the ligand field theory. However, few
comparisons of vanadium(ll) and nickel(II) systems have been
made. Like chromium(ll), vanadium(ll) is a powerful reducing
agent. The standard potential for the following half cell 
83reaction. J
V3+ + e T  N V2+ is -0.255V at 25°C.
-  11 -  
TABLE 1.4
Examples of Vanadium(II) and Vanadium(III) Compounds
Oxidation Coord. Sterochemistry 
State No.
Examples
V11, d3
V111, d2
Octahedral
Planar
[v (c n)6]4-
2+[v(h2o)6]
[V{N(SiMe3)2}3]
Tetrahedral [vci4]
Trigonal bipyramidal [VC13 (NMe3)2] 
trans
Octahedral
Pentagonal
bipyramidal
[v(h2o)6]3+.
[v(c2o4)3]3-
K4 [V(CN)7 ].2H20
Because of their powerful reducing nature, vanadium(II) salts are 
used as such in volumetric analysis. There are many 
examples of applications of V* 1 as reducing agent for a large 
variety of both inorganic and organic species. Vanadium(ll) acts 
as a one electron reducing agent, and usually the reaction 
involves the formation of organic radicals. For instance,
- 12 -
[VCl2 (py)4] was rapidly oxidised by aryj_ and alkyl halides (RX)
to V111 and an almost quantitative yield of R-R was obtained.® 7
T T 7 3The ability of V to reduce H20 and even nitrogen, and the
instability of most of the complexes in these low oxidation state
explains the small number of compounds. Salts of Cu, Ag, Sn,
Au, Pt and Hg were found long ago to be reduced to the metal by
V11 ion. 74
All four vanadium dihalides are known. They are soluble in water
p  ,
giving violet solutions containing [V(H2O)0 ] . The compounds
are strongly reducing and the solutions are readily oxidised by 
air to [V(H2O)0 ] and also by water with the liberation of 
hydrogen.®® Addition of NaOH precipitates [V(OH)2].
Vanadium(ll) solutions can be prepared by the following methods:
(1) Reduction of vanadium(V) oxide,®® or vanadyl(IV)
QOsolution in an electrolytic cell at a Hg cathode with a
on qq
platinum or carbon anode.
(2) Electrolysis of methanolic V111 solution.®‘1‘
(3) Reduction of vanadyl(IV) solution by sodium amalgam, and 
zinc or zinc amalgam/acid mixtures.
(4) Reduction of VCI3 with zinc or lithium tetrahydroaluminate 
in anhydrous THF. ® 2
g o
(5) Heating vanadium metal in the presence of mineral acids.
- 13 -
(6 ) By passing HCl/HBr gas through vanadium metal suspended in
. , 94glacial acetic acid.
Compared to vanadium(II), the complexes of vanadium(III) have 
been studied to a greater degree. The vanadium(III) aqua ion, 
[V(H2 0 )g]^+ is green and can be obtained*^3 by electrolytic 
reduction of VIV or Vv solutions. Such solutions are subject to 
aerial oxidation in view of the potential^ E°:
V02+ + 2H+ + e ;-- * V3+ + H20 E° = 0.34V
Several vanadium(III) chloro complexes have been prepared*^ from 
VCI3 , VCl3 .3MeCN or VCl3 .3THF^ ^ 3 and many other complexes are 
known. ^ 3 Most vanadium(III) compounds are unstable towards air 
or moisture; however, the anion VFg and related complexes, 
e.g. [VF^CR^O) 2} ~ are air-stable. The chemistry of
vanadium(III) is closely similar to that of titanium(III) and 
octahedral geometry is the most common stereochemistry. 
Comprehensive reviews of vanadium(ll) and vanadium(III) complexes
4 fi 40 Q ccan be found in the theses of Khamar, Tucker, O'Donoghue, 
Babar3® and Bultitude. ^ 3 Recently a review*^3 dealing with 
vanadium compounds has been published. Compounds of vanadium(ll) 
and vanadium(III) reported later are given in Table 1.5.
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TABLE 1.5
Recently Reported Vanadium(ll) AND VANADIUM(III) Complexes 
VANADIUM(II) COMPLEXES y eff (B.M.) Ref
'V'300°K ^90°K
Complexes with Tetrahydrofuran and 3-Methyltetrahydrofuran
[V2 (y-Cl3 )(THF)6 ]BPh4 - - 97
[V2 (y-Cl3 )(3-MeTHF)6 ]BPh4 - 97
[V2 (y-Br3 )(THF)6 ]BPh4 - - 98
[V2 (y-Br3 )(3-MeTHF)6 ]BPh4 - - 98
Complexes with Tertiary Phosphines
V(BH4 )2 (dmpe) 2 - 99
VBr2 (dmpe) 2 - 99
VBr2 (dippe)3/2THF - - 63
Cyclopentadienyl Complexes
(c 5H 5)2V ” “ 100
(C2H5 )(C5H7 )V(PEt) 3 - - 100
(C5H5 )(2,4-C7H1 1)V(PEt) 3 - - 100
(C5Me5)V - - 100
(c9h7)2v - - 101
V(C5Me5 )2 (S2) - - 102
[(C5H5 )VCl(PEt3 ) ] 2 - - 103
[C5H5V(y-H)dmpe] 2 - - 104
[c5H5vcl(dmpe)] - - 105
[C5H5VCH3 (dmpe)] - - 105
[c5H5vc3H7 (dmpe)] - - 105
[C5H5VC6H5 (dmpe)] - - 105
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TABLE 1.5 continued
VANADIUM(II) COMPLEXES yeff (B.M.) Ref
»v300oK <^90°K
[C5H5V(BH4 )dmpe] - - 105
(c 5h 5v)2c8H8 " " 106
Polypyridyl Complexes
[V(trpy)2 (CF3SO3 ) 2 - - 107
[V(trpy)(bpy)(Cl)](ZnCl4 ) 5 - - 107
[V(trpy)(bpy)(0H2)]-
(CF3S03 ).H20 - 107
[V(trpy)(bpy)(CH3CN)](PF6 ) 2 - - 107
Miscellaneous Compounds
V(form)2py2 - - 108
[L2V2 (ji-0) (jj-CH3C02) 2 ]I2 .2H20 3.25 3.44 109
(L = 1,4,7-trimethyl,1,4,7,-triazacyclononane)
VANADIUM(III) COMPLEXES 
Complexes with Phosphines
[VCl3 (PPh2Me)2] 2.77 - 110
[VCl3 (MeCN)(PPh2Me)2] 2.64 - 110
[V(BH4 )3 (PMe3)2] 2.50 - 99
Complexes with 2,6-Dimethylphenoxide 
[ (0-2, 6-ArMe2)2( jj-0-2, 6-
ArMe2 )V]2THF 2.71 - 111
[(0-2,6-ArMe2 )3V(py) 2 ] 2 2.71 - 111
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TABLE 1.5 continued 
VANADIUM(III) COMPLEXES yeff (B.M.) Ref
^300°K ^90°K
Complexes with Thiols
[V20(SCH2CH2NMe2 )4 ] 2.93 - 112
[V20(SCH2CH2NH2 )4 ].2DMF - - 112
[Et4N]2 [V4S2 (SCH2CH2S)6] - - 113
[V{S-2,4,6-Pr1 3C6H2 }3 (THF)2] 2.60 - 114
Oxalato- Complexes
Cs[V(0X)2 (H20)2 ]4H20 - - 115
K[V(0X)2 (H20)2 ]3H20 - - 115
[MeNH3 ][V(0X)2 (H20)2 ]4.5H20 - 115
Phenolato Complexes
[(V(OC6H5 )6 }{Li(DME)}3] 2.90 - 116
[{V(DIPP)4 }{Li(THF)}] 2.75 - 116
[Li(12-crown-4)][V(DIPP)4] 2.72 - 116
Cyclopentadienyl Complexes
V(cp)(form) 2 - - 108
(CP)VMe 2(PMe 3 ) 2 - - 105
(CP)VPh2 (PMe3 ) 2 - - 105
Miscellaneous Compounds
VC13 .2C6H4N202 - - 117
[Na(dme)][V(BH4)4] - 99
[Me4N]3V2F9 - - 118
M[V(Salen)] 2.80 - 119
(M = K or Na)
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1.3 REFLECTANCE SPECTRA
1.3.1 CHROMIUM (II)
Chromium(ll), with the high-spin configuration (t^2g e"^ g)' jives
c
rise under Russell-Saunders coupling to a D free ion ground
1 op
term. Under the influence of a regular octahedral field, the
c
ground term splits into a lower doublet E term and an uppery
c
triplet T2g level. Therefore, in such a field only one spin-
allowed d-d transition, corresponding to ^Eg-} ^T2g' exPectec3
in the visible spectra of high-spin chromium(II) complexes.
However, ligand field theory predicts that the high-spin d^
. 7 Qsystem like low-spm d' and d^ is Jahn-Teller unstable since the
Eg ground term is orbitally degenerate (0^ symmetry). The 
resulting Jahn-Teller distortion (axial elongation or 
contraction) leads to a further splitting of the 5Eg and 5T2g 
terms as shown in Fig. 1.1. Thus, chromium(II) complexes, even 
with six identical ligands, are tetragonally distorted 
(Oh— ) D4h^• For tetragonally distorted chromium(ll) compounds, 
three visible or near infrared absorption bands are expected 
corresponding to the transitions.
^Blg * ^Alg^vl^ ' 5Blg ^ 5B2g^v2^  and 5Blg ^5Eg^v3^
n
The splitting of the T2g term is much smaller than the splitting
c 19 9of the Eg term. Liehr and Ballhausen have calculated that
c c
the separation of the Eg and B2g terms in tetragonal symmetry
will be of the order of 2 0 0 0 cm“ ,^ while the B^-^ g and ^A^g will be
— 1 9 Q 1 9 9 —19 Aseparated by approximately 6500 cm The m a m  band
- I 8 ­
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observed in chromium(II) compounds is usually of sufficient 
breadth to contain two or three bands separated by about 2 0 0 0  
cm“l, i.e. to contain superimposed transitions to the ^B2g anc^  
^Eg terms. The lower frequency transition B^ig— > ^ Alg a-!-so 
called the distortion band.
In practice, the spectra of many chromium(ll) complexes consist 
of a broad band spread from about 13000 to 17000 cm- 1  which can 
sometimes be resolved (i.e. at low temperature) into three spin-
■j o c
allowed components. Many other complexes have partly resolved
spectra with a shoulder or peak on the low energy side of the
broad band.^ '*26,127 Aqueous chromium(ll) spectra usually
exhibit a broad asymmetric band in the visible region. This has
3Q 1 99been attributed by Orgel and others-^ ^ to tetragonal distortion
p •
of the octahedral [Crfl^Ojg] ion brought about by Jahn-Teller
1 p 1 i p -I
effect. ' Lower symmetry complexes such as CrL^^ (L =
Mepy, im, pz, 1,3-pd, Me2en) also show^^ split spectra due to 
the low symmetry field combined with the Jahn-Teller effect. It
c c
may be noted that for complexes trans-CrL^X2 the Bjg ---* lg
transition should increase in energy as the crystal field of X 
decreases, i.e. as the difference between field strength of L and
1 9 c
X increases. This has been clearly^ demonstrated in
1 31N-methylimidazole complexes.
The tetragonal structure for the high-spin d^ system has been 
confirmed by crystallographic studies^^' ^ 3  in several cases. 
It may be interesting to note that many spin-forbidden bands can 
be anticipated for a d^ species, and are often observed. Thus,
- 20 -
the complexes RbCrC^ and CsCrClg show narrow spin-forbidden 
bands in the range 15000-19000 cm’ .^ These complexes contain 
anionic chloride-bridged linear chains formed by octahedra 
sharing faces with little interaction between adjacent chains.
Examples of reflectance spectra of six coordinate chromium(Il)
O 1 pc
compounds have been given. '
1.3.2 VANADIUM(II)
The vanadium(ll) ion (3d configuration) under Russell-Saunders 
coupling gives rise to a term as the ground term.*1-2® There is 
also an upper P term of the same multiplicity. Under the 
influence of cubic or tetragonal fields, these terms are split 
into different levels (Fig. 1.2). A cubic field splits the 
ground term 4F into three terms, 4A2g, 4,r2g an(3 ^Tlg* The
term is not split by the crystal field, but becomes ^Tlg* 
Therefore three spin-allowed d-d bands are expected*2  ^ in the 
electronic spectra of magnetically-dilute, octahedral 
vanadium(ll) compounds corresponding to the transitions
 > 4T2g<V' 4ft2g  > 4,rlg(FH v2> and 4ft2g ^lg (p) (V3 > •
These absorptions are normally located in the visible to near
infra red region of the electromagnetic spectrum.
Very few spectra of vanadium(ll) species have yet been
*71 i nc
reported. ' Admittedly these complexes are very unstable to
aerial oxidation, but this can only be partly responsible. The 
reflectance spectra of some of the vanadium(ll) compounds are 
given in Table 1.6.
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*3
In the spectra of dJ complexes, the ligand field parameter 10 Dq 
is equal to the band energy . In 0h symmetry as the value of
10 Dq increases the effect of configuration interaction between 
4T^g(F) and 4T^g(P) terms is to lower gradually the ratio v2/vi 
from the theoretical value of 1.8 to about 1.5 to 1.7. 145 When 
ligands of different ligand field strengths are coordinated to a 
metal, they generate a lower symmetry field by tetragonal
distortion (0h --> D4h
In a tetragonal field, the triplet terms are split further as 
illustrated in Fig. 1.2. The ground state becomes B^-^ g and the 
excited ^T2g an(^  ^Tlg^F  ^ levels are split into two components
4Eg + 4B2g and ^ 2g + 4Eg, respectively. The splitting of the 
former term is greater than that of the latter. Therefore, six 
bands are expected in the electronic spectra of tetragonal 
complexes. In practice, these are rarely observed since the
separation between the split levels is too small to be
resolved. °
- 23 -
TABLE 1.6
Reflectance Spectra of Some Vanadimn(ll) Compounds
Compound V 1 v 2 v3 Ref
[V(CN)6]4~ 22300 27700 36700 135
[V(en)3 ]2+ 15500 21400 32000 136
[v (n h3)6]2+ 14800 2 1 2 0 0 32000 137
[[v (n c s)6]4" 15500 2 2 0 0 0 25000 138
[V(h2°)6]2+ 12350 18500 27900 139
[V(MeOH)6]2+ 11700 17450 26520 140
vci2 9000 14000 21500 141
[vci3]“ 7300- 13200- 21900- 142
9700 14900 25600
[vci4]2" 8500 12500 20300 143
[vci6]4"* 7200 1 2 0 0 0 19050 144
* In LiCl/KCl eutectic at 400°C
- 24 -
1.3.3 VANADIUM(III)
p TT T 3The 3d^ configuration of V gives rise to a JF ground term and
an excited P term with similar multiplicity. The separation
between these two terms is 15B. Under the influence of
octahedral ligand fields, the JF ground term splits into three
3 3 3 3
components, i.e. Tig/ T2g and 2g* The p term does not split
further but transforms as °T1g(P) which is involved in
configuration interaction with °Tlg(F). The splitting pattern is
shown in Fig. 1.3. Therefore octahedral vanadium(III) compounds 
1 2 sshould show two spin-allowed d-d bands corresponding to the 
transitions 3Tlg(F) >3T2g (F) and 3Tlg(F) > 3Tlg (P), which
are usually designated as ^  and ^  respectively, and a third 
band due to the transition 3Tlg(F) ^3A2g^F^ V 3^  but the last is 
very weak and masked by charge-transfer absorption and/or 
internal ligand transitions. ^ 3 Examples of the many
reported, '' ' 3 spectra of vanadium(III) compounds are given
in Table 1.7.
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TABLE 1.7
Reflectance Spectra of Some Vanadium(ill) Complexes
Compound V1 v2 Re^
[v (c n)6]3“ 2 2 2 0 0 28600 146
[V(en)3 ]3+ 21300 29500 147
[v (n c s)6]3" 16700 24000 148
[v(h2o)6]3+ 17800 25700 148
[V(urea)6]3+ 16200 24200 148
[v f6]3“ 14800 23250 149
[v c i6]3“ 11400 18000 150
[VBr6]3“ 1 1 1 0 0- 23250 150
13300
[vci4 (ch3co2h)2]" 1 2 0 0 0- 18000- 151
13000 2 0 0 0 0
[VBr4 (CH3C02H)2]“ 1 2 0 0 0 2 0 0 0 0 151
- 27 -
1.4 MAGNETOCHEMISTRY
Magnetochemistry is of particular importance in the study of 
transition-metal compounds, due to the special properties of 
partially filled d-shells. Unique information about the 
arrangement of d-electrons can be obtained from a single 
measurement of susceptibility, while further information will 
often come from a knowledge of its temperature dependence.
1.4.1 CHROMIUM(II)
The Cr11 ion is a d^ system giving rise to a free ion term. 
In a weak octahedral ligand field, where the metal ion remains
O 1 c
high-spin (t 2g' g^' splits to give a lower Eg and an
upper ^T2g term (Fig. 1.1). In the first approximation, no
orbital contribution to the magnetic moment should arise in 
octahedral spin-free chromium(ll) complexes, so that temperature 
independent effective magnetic moments close to the spin-only
value of 4.90 B.M. are expected. However, some small deviations 
from the spin-only moment are usually observed due to spin-orbit 
coupling (second order orbital contribution).
In strong octahedral fields, spin pairing occurs (t^g) an(^  
ground term is Tig- Complexes with this ground term are
expected to have magnetic moments in excess of the spin-only
value because there is appreciable first order orbital 
contribution. Thus, for the t^2g configuration of Cr11 an 
effective magnetic moment higher than the spin-only value of 2.83 
B.M. is predicted.
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Most of the interest in high-spin chromiuin(II) complexes arises 
from the fact that different complexes have different magnetic 
properties, so it seems necessary to give an introduction to the 
general types of magnetic behaviour.
1) Simple paramagnetism
Simple paramagnetism is exhibited in magnetically-dilute 
chromium(ll) complexes in which the individual paramagnetic 
centres are totally independent of their neighbours. This 
behaviour is characterised by the observation at room temperature 
of a magnetic moment close to the predicted "spin-only" value 
(4.90 B.M.). This moment does not vary with temperature showing 
that there is no magnetic exchange between the paramagnetic metal 
atoms. Compounds having this behaviour obey the Curie law 
(XA = C/T).
Certain chromium(ll) complexes exhibit variations of paramagnetic 
behaviour called antiferromagnetism or ferromagnetism. Such 
complexes can be referred to as magnetically-concentrated. 
Fig. 1.4 shows idealised plots of the magnetic properties of 
simple paramagnetic, antiferromagnetic and ferromagnetic 
complexes.
2) Airtiferromagnetism
Many chromium(ll) complexes show markedly temperature-dependent 
and low effective magnetic moments. This is consistent with the 
presence of antiferromagnetic behaviour which arises when the 
individual magnetic dipoles interact with one another and align
- 29 -
antiparallel by direct exchange or by superexchange via bridged 
atoms.
Most complexes which exhibit antiferromagnetism have diamagnetic
susceptibility at 0°K. As the temperature rises, and hence the
spin alignment randomises, the susceptibility reaches a maximum
at the Neel point, TN . Above TN the susceptibility becomes that
of simple paramagnetism and the Curie-Weiss law $A = C/T +0) is
obeyed 7 with positive 0 values and the susceptibility is
independent of field strength. Such complexes often have
dimeric, trimeric or polymeric structures (Figures 3.3, 3.4, 3.19
and 4.1) with a bridging anion such as a halide, thiocyanate or
2carboxylate ion.
3) Ferromagnetism
For some chromium(II) compounds in which the chromium atoms are 
close enough for some d-d interaction but not close enough for 
normal bond formation, the magnetic vectors on adjacent centres 
align parallel to each other and ferromagnetism is observed. 
These compounds usually obey the Curie-Weiss law above Curie 
temperature (Tc), with a negative 0 value. As the temperature 
decreases, the susceptibility increases more rapidly than 
expected. Below Tc the ferromagnetic alignment will occur 
extensively where all the individual moments line up parallel and 
the susceptibility becomes field dependent.
Chromium(II) complexes of the type A2 [CrX^] (A = Cs, NRH3 : R = 
Me, Et, Pr; X = Cl or Br) show ferromagnetic behaviour and have
- 30 -
polymeric structures with sheets of halogen-bridged
tetrahalochromates(II) units, (Fig. 3.2) which allow the
2magnetic alignments to take place.
1.4.2 VANADIUM(II)
For the d^ configuration of V11 there is a ^F free ion ground
term and an excited term.*2® In a regular octahedral ligand
field, the ^F term splits into three components ^T2g and
^T^g. The ^ 2g term lies lowest (Fig. 1.2). It has been shown
that with the A2g term lowest, the absence of orbital degeneracy
leads to temperature-independent magnetic moments near the spin-
only value of3.87 B.M. The effect of spin-orbit coupling is to
152lower the magnetic moments slightly below the spin only value 
and this has been found for several vanadium(ll) complexes.
1.4.3 VANADIUM(III)
For vanadium(III) (3d configuration), the free ion ground term
O  O  *3 .
is F and the first excited term is P. The F term splits into
o o o 1 on
°Tjg, T2g and A2g levels in an octahedral field, and Tig
lies lowest (Fig. 1.3). The spin-only magnetic moment for such a
system is 2.83 B.M. However, due to the influence of spin-orbit
coupling, octahedral vanadium(III) compounds often have magnetic
moments of about 2.7 B.M. , ^ 5 slightly below the spin-only value
and the moment of an octahedral vanadium(III) complex is expected
to be appreciably dependent on temperature7.1
- 31 -
T
Fig. 1.4 IDEALISED PLOTS OF MAGNETIC SUSCEPTIBILITY VS 
TEMPERATURE
(a) PARAMAGNETISM
(b) ANTIFERROMAGNETISM
(c) FERROMAGNETISM
CHAPTER 2
APPARATUS AND GENERAL PREPARATIVE METHODS
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2.1 PREPARATION OF AIR SENSITIVE COMPOUNDS
Chromium(II), vanadium(II) and vanadium(III) compounds are highly 
air sensitive so all manipulations were carried out in vacuum or 
an atmosphere of nitrogen using the apparatus described below.
1. The Nitrogen Line
The nitrogen line (Fig. 2.1) was used to prepare, filter, wash 
and dry compounds under nitrogen or vacuum. It consists of a 
number of glass tubes connected together with taps which enable 
sections to be isolated and evacuated by means of an oil pump and 
filled with purified nitrogen. The nitrogen line used in this 
work was first described by Larkworthy^ and later by Patel^ and
A C  . •
Yavari. Subsequent modifications and improvements about
features and use of nitrogen line have been reported by many 
other workers.19,46-53,95,96
2. The Nitrogen Box
The nitrogen box has many advantages over the glove bags 
described by previous workers^"^®'^^ and was found to be an 
essential supplement to the nitrogen line for the handling of air 
sensitive/hygroscopic compounds. The model used was a Faircrest 
Engineering model 4A, shown diagrammatically in Fig. 2.2 and 
first described by Sandell^ and later by Bultitude.^
The nitrogen box was used to transfer the compounds from the 
filters to sample tubes for storage, and later to transfer them 
to different tubes for magnetic measurements, reflectance spectra
33 -
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and microanalyses, and for making up nujol mulls for infrared 
spectra.
2.2 Preparation of Starting Materials
1. Chromium(II) Halides
Hydrated chromium (II) halides, i.e. CrCl2.4H20, CrB^.B^O and 
Cr^. 5-6^0 were prepared by reported methods.2/14 T^e
electrolytic chromium metal(99.9%) was heated at ca. 60°C in the 
appropriate dilute hydrohalic acid. The bright blue solution 
obtained was filtered to remove unreacted metal, concentrated to
dryness and the product was shaken with acetone (except
Crl2.5-6H20 which is highly soluble in acetone) to remove 
chromium(III) impurities. The bright blue solid was filtered 
off, washed with acetone and finally dried under vacuum at room 
temperature for two hours. The dry, greenish blue iodide was 
scraped from the sides of the vessel in the nitrogen box.
The anhydrous halides, i.e. CrC^, CrB^, CrI2 were
prepared ' '  from, the hydrated compounds by first filtering
them off in the apparatus shown in Fig. 2.3, then the compound on
the disc was immersed in an oil bath and heated gently for 
several hours under vacuum, raising the temperature to 140°C in 
20°C stages over 1 hour at each temperature. Finally the 
compounds were placed in sample tubes.
Quantities of reactants are given in Table 2.1
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■» Compound
Sintered disc
Fig. 2.3 APPARATUS FOR THERMAL DEHYDRATION
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TABLE 2.1
Salt Colour Cr Metal
(g)
Cone.
Acid
(cm3)
h2o
(cm3)
% Yield
CrCl2 white 13 40 60 80
CrBr2 pale 10 40 50 75
yellow
Crl2 yellowish 6 16 20 70
brown
Solutions of chromium(Il) halides were also prepared by bubbling
HCl/HBr gas (Fig. 2.5) through glacial
c c
acetic acidJ or propionic
acid (1 0 0
O
cm ) in a flask with the metal (5.0 g) for 10 minutes,
followed by heating at 80°C until reaction had ceased.
2. Chromium(II) Acetate
o  0 * 1
Anhydrous chromium(II) acetate was prepared as before. ' The
chromium(ll) chloride tetrahydrate was reacted with sodium 
acetate in stoichiometric ratio. The dark red hydrate which 
separated immediately was filtered off, washed twice with ice 
cold water and dried under vacuum at 100°C for 8 hours to give 
the anhydrous, orange red compound.
3. Vanadium(II) Halides
The hydrated vanadium(ll) halides VCI2 .4H2O and VBr2 .6H20 were
qo '
prepared by the literature method. Vanadium turnings(99.7%) m  
excess were added to the appropriate, AnalaR concentrated mineral 
acid (50-100 cm3) and heated to reflux under nitrogen in a flask 
fitted with a condenser (Fig. 2.4a). When there was no further 
reaction (the bubbling had stopped), the dark violet solution was
-3 8-
water out
Fig-2-4 W  REFLUXING FLASK
tmmn
Fig-2.4(Jo) SOXHLET APPARATUS
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filtered to remove unreacted vanadium metal, and the solution was 
then taken to dryness under vacuum at 50°C on a water bath. The 
dark blue VCI2 .4H2O was collected in sample tubes without washing 
because of its solubility, while violet VBr2 .6H20 was washed with 
cold ethyl acetate, filtered off, and dried under vacuum at room 
temperature for two hours.
4. Preparation of [VC1 2 (CH3C0 2H)4] and [V(CH3C0 2H)g]Br2
The acetic acid adducts of vanadium(ll) halides, [VC12 (CH3C0 2H)4] 
and [V(CH3C0 2H)0 ]Br2 were prepared^ as below and used as 
starting materials.
Vanadium turnings (5.0 g) and glacial acetic acid (ca:50 cm^) 
were placed in a flask (Fig. 2.5) and deoxygenated. Hydrogen 
chloride gas (prepared as in 2.10) or hydrogen bromide gas (BDH) 
was bubbled through for ca. 30 minutes, and then the reaction 
mixture was allowed to stand for a few days. The blue/green 
solution obtained was heated on a water bath at ca. 80°C until 
the reaction had ceased (no further effervescence was observed). 
The unreacted vanadium was filtered off, and the dark blue/dark 
green solution was allowed to cool. Over 6-12 hours the bright 
blue [VC12 (CH3CO2H)4 ]/dark violet [VtC^C^H) g]Br2 crystals which 
separated from the blue/green solution were filtered off, washed 
with glacial acetic acid (50 cm ) and dried under vacuum at room 
temperature for 8 hours.
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5. Preparation of VX2 (C2H5C02H)n (X = Cl, Br; n = ?) Solutions
Dark blue VCI2 (C2H5C0 2H)n and dark green V B ^ (C2H5C0 2H)n 
solutions in propionic acid were prepared by the above method. 
Attempts were made to isolate solid products, but all were 
unsuccessful. On concentration only blue (chloride) or green 
(bromide) liquids were obtained from which nothing crystallised 
on cooling.
2.3 Magnetic Susceptibility Measurements
Magnetic susceptibilities were measured using a variable 
temperature Gouy balance, supplied by Newport Instruments Ltd, 
from room temperature to liquid nitrogen temperature (300-90°K). 
The samples were sealed under slight vacuum in flat-based pyrex 
glass tubes of uniform cross section. The glass tube was 
calibrated for its diamagnetism at various field strengths 
throughout the whole temperature range.
The sample was suspended carefully in the cryostat (Fig. 2.6) 
between the poles of the magnet. The cryostat could be 
thermostated at the required temperature. The temperature was 
obtained from the e.m.f. of a thermocouple positioned near the 
centre of the tube which had been calibrated with copper sulphate 
pentahydrate. A precision ammeter was used so that by adjustment 
of a rheostat, the current and therefore the field could be 
accurately reproduced.
The change in weight (w) of the sample corrected for the decrease 
in weight of the tube alone, was determined at various field
— 4 2-
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strengths. The molar susceptibility (XM) was calculated for 
different fields using the expression below. Usually, the 
susceptibility was essentially constant for different fields at 
the same temperature:
XM = (2glM/WH2)w
where XM is the Molar susceptibility uncorrected for the 
diamagnetism of the ligands, g is the acceleration due to 
gravity (cm/s ), 1 is the length of sample (cm), M is the
molecular weight, W is the weight of specimen (g) , H is the 
field strength.
The atomic susceptibility (XA) °f the metal was obtained by 
correcting X^ for the diamagnetism of ligands and other groups 
present as outlined by Earnshaw. The effective magnetic
moment (^eff^  was calculated from the relationship:
yeff = 2.828 X^A x T B.M
2.4 X-Ray Powder Photography
X-ray powder photographs were taken with a Philips Debye-Scherrer
o
Camera of diameter 114.6 mm using Cu-K^ radiation ( A = 1.5418 A) 
and a Ni filter.
The following operations were carried out to prepare samples for 
X-ray powder photography.
-44-
1. The micro-crystalline air-sensitive sample was ground to a 
fine powder in the nitrogen box and transferred to sample 
tubes.
2. A Lindemann capillary (0.7 mm) was glued to a PVC tube and 
attached to the apparatus shown in Fig. 2.7 which was 
evacuated and filled with nitrogen three times. The sample 
tube was connected to the apparatus against a fast stream of 
nitrogen and was immediately deoxygenated.
3. The capillary was filled to about 1 cm depth with the powder
by tilting the apparatus and vibrating the capillary.
4. The screw clip on the PVC tube at X was closed under
positive pressure, and the tube with capillary detached.
5. The capillary was cut with a scalpel just above the solid
under a drop of 'Araldite1, and sealed immediately by 
dipping the open end into Araldite.
6 . The Capillary was mounted in the camera and the photograph 
taken.
Analysis of X-Ray Photograph
The lines (arcs) on the photographs have been used to obtain the 
interplanar spacings d for several chromium(ll) compounds. To 
determine the d values, the distances between symmetrical pairs 
of arcs were measured with a special film-measuring vernier. The 
procedure for measuring arc length(s) is illustrated in Fig. 2.8. 
The film strip was placed parallel to the scale of the vernier.
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For each symmetrical pair of arcs a reading X-^ was taken for the 
left arc and another X2 for the right arc. A table was 
constructed to facilitate the measurements (Fig. 2.9). The 
differences (X2 - X-^ ) gave the arc length (S) and the
sum (X2 + X2 ) for all pairs of arcs agreed to within + 0 . 1  mm.
Bragg angles (0) were calculated using equation:
0 = S/4 degrees
and the related corresponding values of interplanar spacing (d) 
were determined from charts. The d values could also be
calculated from Bragg's equation:
X = 2d sin 0 -
Comparisons were made of the 0 and d values of some chromium(II) 
compounds.
2.5 Crystallisation of Compounds
Compounds were crystallised by slow cooling to obtain single 
crystals suitable for X-ray crystallography. The compound was 
placed in a refluxing flask (Fig. 2.4a) or on the sinter of the 
Soxhlet apparatus (Fig. 2.4b and 2.10) with the required solvent. 
The suspension was heated on an oil bath until all the compound 
dissolved, and then the solution was allowed to cool slowly in 
the oil bath overnight.
Some compounds were crystallised by placing hot solutions in 
glacial acetic acid/propionic acid in a greaseless three tap
- 48 -
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flask in an oven at 120°C. The oven temperature was then 
decreased by 20°C daily.
2.6 Crystal Mounting
To protect air sensitive crystals they were mounted for 
structural investigations in Lindemann capillaries. The 
apparatus (Fig. 2.11) was first described by Babar^® and later by 
other workers.^' It is an improvement of a published'*'^
design.
It consists of a cylindrical Pyrex glass chamber with thick flat 
end plates of soda glass fixed with 'Araldite1, having a ball 
joint A through which crystals are picked up, and a tap B for 
connection to the pump and nitrogen supply. The Lindemann 
capillary along with attachment to hold it is inserted through 
cone C, while the attachment E, having a small hole F, is 
inserted though the socket D. The hole F lies over the middle 
region of platform G.
First, the Lindemann capillary was chosen, according to the size 
of the crystals to be mounted, and it was cut (from the thin end) 
to a reasonable length (2-3"), and sealed in a spirit lamp. The 
capillary was held with plasticine to a glass rod joined to the 
apparatus. The apparatus was evacuated and flushed with nitrogen 
three times and the sample tube containing the crystals was 
attached at position X against a flow of nitrogen. The apparatus 
was again evacuated and refilled with nitrogen to remove traces 
of oxygen.
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By twisting the sample tube a few crystals were introduced 
through the hole F to the platform G. A suitable crystal was 
selected using a microscope, picked up with a thin glass fibre 
slightly greased and placed in the capillary. Then it was pushed 
to the bottom of the capillary with a grease-free glass fibre. 
A small piece of paraffin wax was then placed, with a glass 
fibre, near the crystal to ensure that the crystal cannot move. 
Finally the wide end of the capillary tube was filled with 
deoxygenated nujol with a syringe and removed from the apparatus 
against a stream of nitrogen and sealed off with a small flame. 
The sealed end was immediately dipped in molten black wax (melted 
with a red hot rod) to ensure a complete seal.
1) The piece of wax near the crystal may be melted on to it to 
ensure that there is no movement of the crystal in the 
capillary during data collection.
2) The manipulations were carried out with the apparatus open 
to the nitrogen supply at B with a good nitrogen stream 
passing out through the bubblers of the main apparatus. 
Consequently there was a slight positive pressure of 
nitrogen within the apparatus and accidental separation of 
joints did not lead to ingress of air. Before the glass rod 
and capillary containing the crystal and the stopper ball 
joint A were removed the nitrogen flow was increased, and 
another rod with a Lindemann capillary was inserted against 
the stream of nitrogen after the first rod had been removed.
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The apparatus was then evacuated, refilled with nitrogen, and 
another crystal sealed in a capillary.
2.7 Reagents and Solvents
AnalaR or similar grade of solvents and reagents were used in 
this work. Methanol, ethanol, toluene and bromobenzene were
•i C  £
purified and dried by published methods, and distilled under 
nitrogen directly into one-litre storage flasks with a delivery 
head. Glacial acetic acid(AR) (May and Baker), propionic acid 
(BDH) and acetonitrile (HPLC grade) were used as received.
Electrolytic chromium pellets (99.9%) and vanadium turnings 
(99.7%) were supplied by BDH and Aldrich. Vanadium(III) chloride 
(99.9%) (Aldrich) and vanadium (III) bromide (Alfa) were used in 
the preparation of vanadium(III) complexes.
Many substituted ammonium chlorides and bromides were prepared in 
water/ethanol by treating different amines with the appropriate 
mineral acid.
All solvents and reagents used in this work involving air- 
sensitive compounds were carefully deoxygenated before use. 
Solvents having low boiling points were cooled in liquid nitrogen 
before deoxygenation and then allowed to warm up before use.
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2.8 Spectroscopic Methods
1. Ultra-Violet and Visible Spectra (Reflectance)
Diffuse reflectance spectra were recorded over the range 2000 nm 
to 350 nm on a Beckman Acta MIV spectrophotometer. The air 
sensitive solids were loaded into a 2 mm path length silica cell 
and stoppered in the nitrogen box. The cells were then placed in 
the reflectance attachment and the spectra recorded using barium 
sulphate as the reference.
2 Solution Spectra
Solution spectra of some vanadium(ll) and vanadium(III) 
compounds were recorded over the range 2000-300 nm on a Beckman 
Acta MIV spectrophotometer. The solutions were made with 
deoxygenated, pure solvents under nitrogen and transferred to a 
1 cm cell using the attachment shown in Fig. 2.12.
3. Infra-red Spectra
The infra-red spectra were recorded over the range 4000-200 cm-'*’, 
on a Perkin Elmer 577 spectrophotometer, with KBr plates in the 
range 4000-600 cm"^ and polythene discs in the range 600- 
200 cm"'*’. The nujol mulls were prepared in the nitrogen box from 
deoxygenated nujol.
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2.9 Analytical Methods
1. Total Chromium/Vanadium
18The total chromium or vanadium in the compounds was determined 
by direct combustion to or V2O5 respectively.
Method
A crucible with lid was heated to constant weight. A known 
weight of complex (ca. 0 .2-0 .3 g) was placed in the crucible 
which was heated on a hot plate to oxidise the complex fully. It 
was then ignited in a furnace at 800°C for 3 hours. The crucible 
was allowed to cool and weighed to constant weight.
2. Chromium(II) Analysis
To confirm the composition of chromium(II) complexes, chemical
analysis was carried out to determine the amount of chromium(II)
1 57present by titration.
A known weight of the chromium(ll) complex was quickly added 
against the stream of nitrogen into a known volume of 
deoxygenated standard acidified dichromate solution (ca: 0.02M)
taken in a 100 cm round-bottomed, two neck flask (Fig. 2.13). 
The flask was evacuated immediately, nitrogen admitted and the 
solution was stirred until all the complex was dissolved and 
oxidised to chromium(III). To the resulting solution excess of 
potassium iodide (ca. 1 . 0  g) was added and a deep brown colour 
appeared due to the liberation of iodine. The liberated iodine 
was titrated with the standard (0.1M) thiosulphate solution using
- 55 -
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starch as indicator (ca. 2 cm ) with constant shaking until the 
colour of the solution changed from blue to light green, and that 
was the end point.
3 . Vanadium(II) Analysis
Determination of vanadium(ll) was carried out using a technique
4-6developed by Khamar , using the flask shown in Fig. 2.14.
Distilled water (ca: 25 cm ) was placed in the flask together
with a few drops of 0 .1% aqueous neutral red indicator, and 
deoxygenated. The sample tube containing a known weight of 
vanadium(ll) complex was attached to the flask against the stream 
of nitrogen to prevent oxidation and the flow of nitrogen was 
kept continuous through the outlet. The compound was washed into 
the flask and dissolved with shaking and stirring. A glass rod 
in the rubber bung was replaced with the tip of the burette 
pushed through against the flow of nitrogen. Ferric alum 
solution of known concentration in dilute deoxygenated sulphuric 
acid (1M) was added from the burette which had been flushed with 
nitrogen, and was under nitrogen throughout the titration. At 
the end point the colour changes from green to violet. All 
analyses were done in duplicate.
Potentiometric titrations have shown ° that the following 
reaction is involved:
V2+ + Fe3+ y N V3+ + Fe2+
- 57 -
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4. Single Halides
The halides were determined gravimetrically as the silver halides
1 Q
or volumetrically by Volhard1s method as described in Vogel.
5. Mixed Halides
O
The complex was destroyed with dilute nitric acid 25 cm (2M) and 
the chromium(lII) produced precipitated as the hydroxide by the 
dropwise addition of dilute sodium hydroxide (2M) until the pH 
was in the range 7.5-8.5. The suspension was left for about five 
minutes to allow the precipitate to coagulate, the precipitate 
was filtered off and washed with deionised water and the filtrate 
was then made up to 100 cm . However, in the case of anilimum 
and o-methylanilinium compounds a yellow coloured filtrate was 
obtained due to the free aniline which was then extracted with 
diethyl ether before the titration.
Total halide (chloride and bromide) in the filtrate was
I Q
determined by Volhard's method, ° and chloride similarly in the 
mixed halides after oxidative removal of the bromide as bromine 
by heating with nitric acid^^^ in a round bottom flask 
(Fig. 2.15). The bromide was then obtained by difference.
6. Carbon, Hydrogen and Nitrogen Analyses
Carbon, hydrogen and nitrogen analyses were carried out by the 
University of Surrey Microanalytical Laboratory.
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2.10 Generation of Hydrogen Chloride
Hydrogen chloride gas was generated by a method developed from
i fioDodd and Robinson. ° The modified apparatus shown in Fig. 2.5 
consists of a three-neck round bottom flask fitted with two 
pressure equalised separating funnels and an outlet tap at the 
bottom. To prevent attack by sulphuric acid the taps were made 
of Teflon. The apparatus was flushed with nitrogen before use.
Hydrogen chloride gas was readily produced in quantity by the 
action of concentrated sulphuric acid on concentrated 
hydrochloric acid. Concentrated hydrochloric acid (100 cm^) was 
added to the three necked flask from the separating funnel and 
concentrated sulphuric acid was similarly added slowly. It is an 
advantage for the stem of the funnel to terminate in a coarse 
sintered-glass disk (porosity 0 ) submerged below the surface of 
the hydrochloric acid. The sulphuric acid was thus dispersed and 
the danger of uneven evolution of hydrogen chloride avoided.
The rate of HC1 evolution could be controlled by the flow of 
sulphuric acid through the tap. The gas was dried by passage 
through concentrated sulphuric acid before use.
CHAPTER 3
TETRAHALOGENOCHROMATES(II)
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3.1 INTRODUCTION
Tetrahalogeno-anions of later metals of the first transition 
series of the type [MX4]2" (M = Mn, Fe, Co, Ni, Cu) are well 
known. Due to their high symmetry and low molecular
complexity, these complex halides have helped in the development 
of theoretical areas of inorganic chemistry.
A wide variety of tetrahalogeno-anionic derivatives of
ochromium(ll) has more recently been reported. These compounds 
have been of interest not only as rare examples of ionic 
transition metal compounds that order ferromagnetically, but also 
because it has proved possible to probe their magnetic properties 
by optical as well as conventional magnetic measurements.
These compounds can be classified into following types:
(a) Solvated Tetrahalogenochromates(II)
The dihydrates A2 [CrX4 (H2O)2 ] (A = NH4, K(decomp), Rb, Cs, PhNH^, 
0.5PipzH2, PyH, X = ci;167”168 A = NH4, Rb, Cs, PyH, X = Br) 34 
have been crystallised from solutions of the constituents in 
water or from the appropriate halogen acid except for the 
pyridinium bromide salt which was isolated from ethanol. All are
o 4  -I c n  I c o
magnetically-dilute, high-spin compounds ' with
reflectance spectra as expected for tetragonally distorted 
octahedral anions [CrX4 (H20)2] . The NH4, Rb and Cs salts are
0 4  1 C * 7 _ 1  C Q
isomorphous ' with the corresponding Cu(ll) complex
halides which contain trans-anions [CuBr4 (H20)2] with two short 
and two long Cu-Br bonds.
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Ladd et al169 prepared crystals of [Hpy]2 [CrBr4 (H20)21 from 
glacial acetic acid and this magnetically-dilute complex contains 
discrete trans-planar CrBr2 (H20 ) 2 units and bromide ions instead 
of the expected distorted octahedral anions, trans-
[CrBr4 (H20)2] ”. The bromide ions are held by strong hydrogen
bonds to the pyridinium cations.
Babar et al34 have reported that the magnetically normal diacetic
acid adduct of guanidinium tetrabromochromates(II) contains179
2  —discrete [CrBr4 (CH3C0 2H)2] anions (Fig. 3.1) separated by
guanidinium cations. The chromium(ll) atom is six-coordinate
with trans pairs of Cr-Br bonds of unequal length and two
coordinated acetic acid molecules. A similar structure has been
c: o p _
found for the dimethyl ammonium salt of [CrBr4 (CH^CC^H) 2 ] .
The Cr-Br bond lengths are slightly longer than in the 
guanidinium salt.
(b) Tetrachlorochromates(II)
Complex salts of the general formula A2 [CrCl4] (A= NH4, K, Rb,
Cs) have been reported. These were crystallised from the melt
(A = K, Rb, Cs) 1 7 1 / 1 7 2 or glacial acetic acid containing acetyl
1
chloride (A = NH4, Rb, Cs), or obtained by thermal dehydration
in vacuo of the dihydrates (A = NH4, K, Rb, Cs) . 187 All these
compounds are found to be ferromagnetic3 4 , 1 8 7 - 1 7 2 and obey the 
Curie-Weiss law with 6 values in the range -65 to -85°. The 
diffuse reflectance spectra of these complexes indicate them all 
to have tetragonally distorted octahedral structures. The salts 
Cs2CrCl4 1 74 and Rb2CrCl417  ^ have been reported from neutron
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diffraction studies to be isotopic with K2NiF4 or K2CuF4. There 
are layers of chloride-bridged CrCl42" units (Fig. 3.2) separated 
by double layers of AC1 from which chloride ions complete 
tetragonally elongated [CrCl6] octahedra and K2CrCl4 is 
similar. 176
Analogous salts of organic cations [A = RNH3 (R= Me, Et, Pr11,
n-C^H^j, n—CgH-^ yr *^"’^'1 0^2 1 ' 6’12^25' have
16R 177 1S1been prepared ' ' 7 from concentrated hydrochloric acid or
various non-aqueous solvents, e.g. glacial acetic acid or
absolute ethanol, by reacting stoichiometric quantities of 
chromium(ll) chloride and the appropriate substituted ammonium 
chloride, or by the addition of a stoichiometric amount of the 
substituted ammonium chloride to a solution of chromium(ll)
chloride. The chloride was obtained by passing gaseous hydrogen
chloride through absolute ethanol or glacial acetic acid
refluxing over chromium metal. All compounds were also found to 
be ferromagnetic in nature.
The ferromagnetic behaviour of these complexes was
detected166'177-180,182 magnetic moments which are
considerably higher at room temperature (peff = 5.7 B.M.) than 
the spin-only (4.90 B.M.) value and increase rapidly to about 
9.00 B.M. at 90°K. At higher temperatures, the reciprocal 
magnetic susceptibility follows the Curie-Weiss law with large 
positive intercepts on the absolute temperature axis and it is 
apparent from the measurements that the Curie temperatures Tc lie 
a little below liquid nitrogen temperature. The susceptibility
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data became field-dependent below the Tc values which have been 
1 78 180 187estimated-1- / ° ' - LOU' - LO"1 for several complexes from plots of reduced 
magnetisation against temperature. The persistence of short 
range order above Tc reduces the accuracy and more accurate 
values have been obtained from neutron diffraction and optical 
spectroscopy which are zero field methods dependent on
spontaneous magnetisation.
1 77
Bellitto and Day '' concluded from optical and magnetic
measurements that the complexes with R = Me, Et, n-CgH-^y or
n-c10H21 are similar to those of the type A2CrCl4 (A = Cs, Rb, or
K) which contain ferromagnetically coupled layers of Cr11 ions
(Fig. 3.2). X-ray powder photography showed that these compounds
TT 183—184are isomorphous with the corresponding Mn and
Fe11 185-186 saits# Tfte reflectance spectra indicated that in
all the complexes the anions were polymerised because the
. . . IIreflectance spectra were typical of six-coordinate Cr . Intense
and sharp bands were found at about 15800 and 18700 cm- 1  in the 
spectra of the ferromagnetic complexes. The unusual intensity of 
these spin-forbidden bands is believed to be due to the magnetic 
coupling.
1 87Bellitto et al proposed on the basis of magnetic and optical 
studies a layer structure for [CH3NH3 ]2 [CrCl4] as in the alkali 
metal salts, in which the [CrCl4] layers are separated by the 
organic cations (Fig. 3.2). Although the mono-alkylammonium 
salts have been characterised by magnetic and optical
measurements16^'178-180,182 attempts at X-ray analysis are
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limited to X-ray powder measurements. 1 8 0 , 1 8 2  T^e powder 
photographs for [RNHg ] 2 [CrCl4 ] (R = Me, Et, Prn, Ph, Bz) have 
been indexed for the orthorhombic crystal system and it is 
suggested that they are isomorphous with the corresponding
1fiR l70 ioo
copper(ll) complexes ' which are known to have chloride-
bridged layers (Fig. 3.2) intercalated with the organic cations.
188Recently, single crystal X-ray investigation and polarised
single crystal absorption spectra^ of [EtNH3 ]2 [CrCl4] have been
carried out which confirm proposed layer structure. Crystals of
181[BzNHg]2 [CrCl4] have been grown by careful temperature control
from solutions in sealed tubes. Attempts to determine the
structure by single crystal X-ray diffraction failed as the
182crystals decomposed in the X-ray beam.
1 70Larkworthy and Yavari prepared the complexes [enH2 ][CrCl4], 
[dienH3 ][CrCl4]Cl and [trienH4 ][CrCl4 ]Cl2, from concentrated 
hydrochloric acid containing stoichiometric quantities of 
hydrated chromium(ll) chloride and ammonium salt. The last two 
compounds are also tetrachlorochromates(II) because as indicated 
the additional chlorides are ionic. Babar et al reported the 
complexes [H3N(CH2 )3NH3 ][CrCl4] and [N2H6 ]2 [CrCl6]. The former 
was prepared in concentrated hydrochloric acid and the later in 
acetic acid. All compounds are ferromagnetic with 6 values 
ranging from -52 to -67° except [N2Hg]2 [CrClg] which is anti­
ferromagnetic. The anti-ferromagnetism of this compound suggests 
that the lattice does not contain simple [CrClg]^" units, since 
this would lead to magnetically-dilute behaviour, but contains 
ionic chloride and chloride-bridged complex anions. The
structures of [dienHg][CrCl4] a n d  [H3N(CH2 )3NH3 ][CrCl4] 
consist of polymeric layers [CrCl4]n separated by the organic 
cations.
Compounds of the type A2 [CrCl4] containing more heavily
substituted cations (A = Me2NH2, Et3NH, PyH, or 0.5PipzH) are
1 67 1 6ft 1 7Qantiferromagnetic. 0 f X 7 The first two compounds were
obtained by the addition of 2 ,2-dimethoxypropane to concentrated 
ethanolic solutions of the constituent halides, while the last 
two were prepared by heating the dihydrates under vacuum, the 
dihydrates having been obtained from aqueous solution (A = PyH) 
or concentrated hydrochloric acid (A = 0.5PipzH). The
reflectance spectra suggest that these complexes contain six
coordinate Cr11. The structure of [Me2NH2 ]2 [CrCl4] (Fig. 3.3)
i go 6contains isolated trimeric units [C^Cl-^J in which the
chromium atoms are arranged linearly. The central metal atom
lies on a centre of symmetry and is bridged by three chlorine
atoms to each terminal atom, two chlorine atoms are much closer
0 0
(2.40 A), than the other four (2.62 A). There is considerable
distortion of the angles at the metal atoms from 90°. The powder
photograph of [Et3NH]2 [CrCl4] shows that it is not isomorphous^®
with [Et3NH]2 [CuCl4], which contains discrete distorted
tetrahedral [CuCl4]^“ anions.
(c) Tetrabromochromates(II)
Tetrabromochromate(ll) derivatives of the type A2 [CrBr4] (A = Cs, 
Rb, NH4, RNH3 (R= Me, Et, Pr11, Bun, n-C5Hl:L, n-CgH17, n-C1 2H25, 
PI1NH3 , PyH, Me2NH2, Et4N) have been prepared*^' ^  by the thermal
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dehydration of appropriate dihydrates under vacuum, or prepared 
directly by the reaction of anhydrous chromium(ll) bromide with 
ABr in acetic acid, although the Et^N salt was obtained from 
mixed organic solvents. The Rb, NH4, PI1NH3 , PyH, Me2NH2 and Et^N 
salts were found to be antiferromagnetic while the salts of Cs 
and RNH3 have been found to exhibit ferromagnetic behaviour.
The slightly higher moments and larger J values for ferromagnetic
bromo compounds^^ compared to those of analogous ferromagnetic
168chloro compounds suggest that the magnetic interaction for the 
former is greater than for the latter. The Curie temperatures 
are known approximately for [RNH3 ] 2 [CrBr4] (R = Me, Prn or 
n-c12H25^ anc^  ar© similar to those of the chlorides. Whether 
ferromagnetic or antiferromagnetic, the reflectance spectra of 
the bromo complexes indicate tetragonal six-coordination of Cr11 
and hence, a polymeric structure. The reflectance spectra of the 
ferromagnetic bromides show bands at ca. 15600 and 18400 cm~* due 
to intense spin-forbidden transitions. No single crystal X-ray 
data have been reported for the tetrabromochromates(II). 
However, X-ray powder photographs of [EtN^]2 [CrBr^] indicate
1 OO
that it is isomorphous 3 with [EtN^] 2 [CuBr4] . Recently, the
polarised single crystal absorption spectrum of [EtN^]2 [CrBr^]
c 6
has been published^ which suggests a polymeric layer structure 
for it.
Bellitto et al^.have prepared [BZNH3 ]2 [CrBr^] by the addition of 
a stoichiometric amount of benzylammonium bromide to a solution 
of chromium(ll) bromide in acetic acid, the bromide having been
- 69 -
obtained by passing gaseous HBr through glacial acetic acid 
refluxing over chromium metal. A single crystal investigation of 
this compound was unsuccessful because the crystals formed a 
powder on exposure to X-rays. The powder diffraction studies 
indicated that this compound is isomorphous with
1 ft?[BZNH3 ]2 [CrCl4] in which the anions are polymerised in
infinite layers (Fig. 3.2). The Curie temperature is 52 K, some 
15 K higher than for the corresponding tetrachlorochromate(II).
(d) Mixed Tetrahalochromates(ll)
Mixed halide derivatives of copper(ll) are well known,193-196 but 
very few reports are available on such compounds with 
chromium(II).
1 Q7Bramwell et al ' first studied the mixed halides Rb2 [CrClgBr j, 
Rb2 [CrCl2Br2] and Rb2 [CrCl2I2] by neutron scattering and optical 
study and concluded that these are two-dimensional ferromagnets 
adopting a distorted K2NiF4 structure. These compounds were 
obtained from the melt.
Larkworthy et al~^ prepared tetrahalogenochromates(II) containing 
mixed halides of the type [RNH3 ] 2 [CrClxBr4_x] (R = Me, Et, Pr11, 
Bu11 or n-CgH^y) by the reaction of anhydrous chromium(ll) 
chloride/bromide and the appropriate alkylammonium halide in 
glacial acetic acid. These compounds exhibited typical
ferromagnetic behaviour, which was closer to that, of the 
[CrCl^]^- salts than that of the [CrBr^]^” salts. This appeared 
to be due to chloride rather than bromide bridges. The far i.r.
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spectra of the mixed halides have absorption bands in both Cr-Cl 
and Cr-Br stretching regions (ca. 300 cm" 1 and ca. 240 cm" 1 
respectively), but the Cr-Cl band is much more intense. The 
diffuse reflectance spectra of the mixed halides contain a broad, 
asymmetric band near 10900 cm’ 1 which is characteristic of 
tetragonally-distorted six-coordinate Cr11. There are two narrow 
bands of unusual intensity near 15900 cm- 1  and 18700 cm” 1 which 
are characteristic of ferromagnetic tetrahalogenochromates(II). 
The magnetic behaviour and reflectance spectra suggest structures 
similar to those of ferromagnetic complexes. 1 8 ® ' 1 8 0 This has 
been confirmed by structural investigations®3,1®® of 
[EtNHg] 2 [CrCl2 # gBr-^  ^-j_] which is isomorphous with [EtNH3] 2 [CrCl4] . 
In [EtNH^l 2 [CrCl2 ^gBr-j^  ■].]' there are linear chloride bridges, but 
the bromide ions are in terminal positions. Since magnetic 
interaction is transmitted via the bridging atom this would 
explain why the magnetic behaviour of this and. other mixed 
halides is closer to that of the tetrachlorochromates(II) rather 
than the tetrabromochromates(II).
(e) Trihalogenochromates(II)
The alkali metal trihalogenochromates of the type ACrX3 (A = K,
Rb, Cs, X = Cl or Br; A = Rb, Cs, X = I) were crystallised from a
198—2D1melt of constituent anhydrous halides. Yellow complexes
with non-metallic cations of the type ACrX3 (A = NH4, Me4N, pyH, 
and Me2NH2, X = Cl173; A = Me4N, X = Br) 202 have also been
prepared by the reaction of organic salts and anhydrous 
chromium(ll) halides in glacial acetic acid. Thermal dehydration
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in vacuum has also been used to produce [pyH][CrCl33 and 
Cs[CrCl3] from [pyH]2 [CrCL4 (H20)2] and CsCrCl3 (H20)2.
203Tandon recently prepared some mixed trihalogenochromates(II)
such as [Me2NH2 ][CrCl2Br], [pyH][CrCl2 #3BrQ 7^] and
[Pr1NH3] [CrCl-^  #gBr^ ^ ^] by the reaction of anhydrous chromium(ll)
halides and organic salts in glacial acetic acid. All are anti- 
53ferromagnetic*
Trihalogenochromates(II) of the general composition ACrX3 (A =
Rb, Cs, Me4N; X = Cl or Br) crystallise in structures202,2®4”20®
derived from the hexagonal CsNiCl3 structure consisting of linear
chains of octahedra sharing opposite faces (Fig. 3.4). Since
Cr11 is Jahn-Teller distorted, the local coordination geometry is
approximately D4 .^ Structural phase transitions resulting from a
cooperative Jahn-Teller effect have been observed and
investigated in RbCrCl3, CsCrCl3, CsCrBr3 and Me4NCrCl3 . 2 0 4 The
magnetic and caloric properties of ACrX3 compounds show typical
features of one-dimensional anti-ferromagnets. 2 0 2 , 2 0 8 - 2 0 7
Detailed single-crystal optical spectra have been reported for
RbCrCl3 and CsCrCl3 as well as their diluted analogues
RbMg2_xCrxCl3 and CsMg2_xCrxCl3 • 1 3 4 , 1 0 8 , 2 0 4 , 2 0 8 Single crystal
53X-ray diffraction studies^ have also been carried out on 
[pyH][CrCl3]. [pyH][CrClxBr3-x] and [Pr1NH3 ][CrClxBr3_x] and all 
three compounds have the above structure (Fig. 3.4).
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Recently studies of the polarised single crystal absorption 
spectra of CsCrCl3 and [Me^N][CrX3] (X = Cl or Br) have confirmed 
the linear chain structure.
3.2 AIM OF WORK
The aim of this work has been to extend the knowledge of
tetrahalogenochromate(II) chemistry, especially by studying mixed
2—  2—halides where the [CrCl^ and [CrBr^] salts show different
magnetic properties. It was also hoped that single crystals
suitable for X-ray diffraction investigations could be obtained
in order to help explain more clearly how these types of magnetic
behaviour arise.
Fig. 3.4
INFINITE PARALLEL CHAINS (MX3) OF FACE-SHARING OCTAHEDRA
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3.3 EXPERIMENTAL
All compounds are hygroscopic and air-sensitive so all 
preparations and measurements were carried out under nitrogen 
using the apparatus described in Chapter 2. The compounds were 
dried under vacuum by continuous pumping.
1) Bis(o-methylanilinium) mono(acetic acid)tetrachloro- 
chromate(ll)
Chromium(II) chloride (1.50 g, 0.0122 mole) was dissolved in hot
q
glacial acetic acid (150 cm ) to give a green solution which was 
transferred to the recrystallisation apparatus (Fig. 2.10) 
containing o-methylanilinium chloride (3.00 g, 0.0020 mole) on 
the sinter. The chromium(II) chloride solution was heated 
carefully on an oil bath until a small amount of vapour condensed 
on the sinter and dissolved a small amount of o-methylanilinium 
chloride. The oil bath was removed briefly so that the solution 
cooled and the o-methylanilinium chloride solution on the sinter 
sucked backed into the chromium(II) chloride solution. The 
procedure was repeated until no o-methylanilinium chloride 
remained on the sinter. Very fine white needles were obtained 
from the green solution on cooling, these were filtered off,
q
washed with glacial acetic acid (50 cm ) and dried under vacuum 
for 10 hours at room temperature. The white compound turned 
green in 5 minutes in air (yield = 80%).
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Calculated for C H N Cl Cr
c16H24N2°2cl4Cr 40.87; 5.13; 5.96; 30.16; 11.06%
Found 41.25; 5.26; 6.14; 30.00; 11.17%
Several preparations of the same compound give the same 
elemental analysis. Drying by continued pumping at ca. 100°C or 
washing with acetone removed the acetic acid, but microanalysis 
were poor.
2) Bis(o-methylanilinium) mono(acetic acid)bromotrichloro- 
chromate(II)
Chromium(ll) chloride (1.78 g, 0.0144 mole) was dissolved in hot 
glacial acetic acid (150 cm ). The light green solution was 
transferred to the recrystallisation apparatus and heated as in 1 
to dissolve o-methylanilinium chloride (2.00 g, 0.0139 mole) and 
o-methylanilinium bromide (2.60 g, 0.0138 mole) on the sinter. 
The resulting reddish-brown solution was allowed to cool and the 
very fine white crystals which separated were filtered off, 
washed with glacial acetic acid (50 cm ) and dried under vacuum 
at room temperature for 10 hours. It turned green in 5 minutes 
in air (yield = 75%).
Calculated for C H N Cl Br Cr
c16H24N2°2cl3BrCr 37.34; 4.70; 5.44; 20.66; 15.52; 10.10%
Found 37.88; 4.76; 5.41; 21.14; 15.00; 10.68%
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3) Bis(o-methylanilinium) mono(acetic acid)dibromodichloro- 
chromate (II)
Chromium(II) chloride (1.47 g, 0.0119 mole) was dissolved in 
glacial acetic acid (75 cm ) by heating to give a green solution. 
To this was added a solution of o-methylanilinium bromide (4.00 
g, 0.0212 mole) in hot glacial acetic acid (60 cm^). The
reaction mixture was refluxed on an oil bath and the reddish-
brown solution was allowed to cool. Very fine white needles 
appeared from the green solution and were filtered off, washed 
with glacial acetic acid (50 cm ) and dried under vacuum at room 
temperature for 10 hours. The white compound turned green in 5 
minutes in air (yield = 70%).
Calculated for C H N Cl Br Cr
c16H24N202cl2Br2Cr 34.37; 4.32; 5.00; 12.68; 28.58; 9.30%
Found 34.64; 4.33; 4.98; 13.14; 28.00; 9.42%
4) Bis(o-methylanilinium) tetrachloromono(propionic acid)- 
chromate(II)
Chromium(II) chloride (1.60 g, 0.0130 mole) was dissolved in hot 
propionic acid (200 cm ) . The light green solution was 
transferred to the recrystallisation apparatus and heated as in 1 
to dissolve o-methylaniliniium chloride (3.80 g, 0.0260 mole) on 
the sinter. On cooling white crystals separated from a reddish 
brown solution. They were filtered off, washed with propionic
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acid (50 dll'3) and dried under vacuum for 10 hours at room 
temperature. The white compound turned green in 5 minutes in air 
(yield = 80%).
Calculated for C H N Cl Cr
C17H26N2°2C14Cr 42.18; 5.41; 5.78; 28.55; 10.47%
Found 42.34; 5.57; 5.72; 28.00; 10.50%
5) Bis(o-methylanilinium) tribromochloromono(propionic acid)- 
chromate(II)
Chromium(ll) bromide (2.08 g, 0.0098 mole) was dissolved in
o
propionic acid (75 cm ) by heating to give light green solution. 
To this was added the solution of o-methylanilinium chloride 
(1.40 g, 0.0097 mole) and o-methylanilinium bromide (1.84 g, 
0.0097 mole) in hot propionic acid (50 cm ) . The reaction 
mixture was heated until all solid was completely dissolved. 
Very fine, off-white needles which were obtained on cooling the 
green solution were filtered off, washed with propionic acid (50 
cm ) and dried under vacuum for 10 hours at room temperature. 
The off-white compound turned green in 5 minutes in air (yield = 
70%).
Calculated for C H N Cl Br Cr
c17H26N2°2clBr3Cr 33.06; 4.24; 4.53; 5.74; 38.81; 8.42%
Found 34.19; 4.43; 4.70; 5.60; 38.10; 8.52%
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6 ) Bis(o-methylanilinium) tetrabromomono(propionic acid)- 
chromate(II)
Chromium(Il) bromide (2.52 g, 0.0119 mole) was dissolved in hot 
propionic acid (70 cm ) to give a green solution. To this was 
added a hot solution of o-methylanilinium bromide (4.00 g, 0.0212 
mole) in propionic acid (60 cm ) . The reaction mixture was 
heated until all the o-methylanailinium bromide dissolved. The 
green solution was cooled and shaken, the pale yellow compound 
which separated was filtered off, washed with propionic acid (50 
cm ) and dried under vacuum for 10 hours at room temperature. 
The pale yellow compound turned green in 5 minutes in air (yield 
= 80%).
Calculated for £ H N Br Cr
C17H26N2°2Br4Cr 30,84; 3.96; 4.23; 48.28; 7.85%
Found 31.75; 4.08; 4.21; 48.21; 7.78%
7) Preparation of crystals of bis(o-methyl(aniIinium)-
tetrabromomono(propionic acid) chromate(II)
To a quarter of the volume of chromium(II) bromide (ca. 0.008 
mole) solution prepared in propionic acid from HBr and chromium 
metal as described (2.2) in Chapter 2, o-methylanilinium bromide 
(3.00 g, 0.0159 mole) was added. The mixture was refluxed in the 
flask shown in Fig. 2.4(a) until all the solid dissolved. The 
dark green solution was allowed to cool slowly in a hot oil bath.
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The pale yellow needles which appeared after a few days were 
filtered off, washed with propionic acid (50 cm^) and dried under 
vacuum at room temperature for 8 hours (yield = 80%).
Calculated for
c17H26N2°2Br4Cr 
Found
8) Bis(o-methylanilinium) tetrachloromono(tetrahydrofuran)- 
chromate(II)
Chromium(ll) chloride (0.80 g, 0.0065 mole) was added to THF 
(50 cm ) . To this was added o-methylanilinium chloride (1.68 g,
0.0117 mole). The reaction mixture was refluxed for half an hour
and, the white compound which had separated immediately was 
filtered off, washed with THF (30 cm ), and dried under vacuum at 
room temperature for 5 hours. The white compound turned green in 
a few seconds in air (yield = 70%).
Calculated for C H N
C18H28N20C14Cr 44.82; 5.85; 5.80%
Found 43.68; 5.91; 6.12%
9) Ammonium bromotrichlorochromate(ll), mono acetic acid
Chromium(ll) chloride (1.60 g, 0.013 mole) was dissolved in hot 
glacial acetic acid (70 cm ) to give a light green solution. To 
this was added the solution of ammonium bromide (2.70 g, 0.027
C H N Br Cr
30,84; 3.96; 4.23; 48.28; 7.85%
31.16; 4.43; 4.30; 48.27; 7.80%
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mole) in hot glacial acetic acid (70 cmJ). The reaction mixture 
was heated until all reactants were completely dissolved. The 
light green compound obtained on cooling was filtered off, washed 
with glacial acetic acid (50 cm ) and dried under vacuum at room 
temperature for 10 hours. The light green compound turned dark 
green in air (yield = 60%).
Calculated for C H N Cr
c2H12N2°2cl3BrCr 7.18; 3.61; 8.37; 15.55%
Found 7.40; 3.31; 8.03; 15.00%
10) Ammonium tetrabromochromate(II),0.5acetic acid
Chromium(ll) bromide (2.35 g, 0.0110 mole) was dissolved in hot 
glacial acetic acid (125 cm ). The resulting green solution was 
transferred to the recrystallisation apparatus and heated as in 1 
until all ammonium bromide (2 . 2 1  g, 0 . 0 2 2 0  mole) on the sinter 
had dissolved. The light green compound obtained on cooling was 
filtered off, washed with glacial acetic acid (50 cm ) and dried 
under vacuum at room temperature for 10 hours. The light green 
compound turned dark green in 10 minutes in air (yield = 60%) .
Calculated for C H N Br Cr
CHiQ^OBr^Cr
Found
2.74; 2.30; 6.40; 73.00; 11.88% 
2.93; 2.99; 7.11; 72.46; 11.00%
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11) Bis(dimethylammonium) dibromodichlorochromate(ll), 
monoacetic acid
Chromium(ll) chloride (1.79 g, 0.0145 mole) was dissolved in hot 
glacial acetic acid (75 cm ), to give a light green solution. To 
this the solution of dimethylammonium bromide (3.66 g, 0.0290
O
mole) in glacial acetic acid (30 cm ) was added. The yellowish
brown compound which separated immediately was dissolved by
heating and the dark green solution obtained was allowed to 
cool. The reddish purple crystals which appeared were filtered 
off, washed with glacial acetic acid (50 cm^) and dried under 
vacuum at room temperature for 10 hours. The purple compound 
turned dark violet in 24 hours in air (yield = 50%).
Calculated for £ H N £1 Br Cr
c6H20N2°2cl2Br2Cr 16.14; 5.05; 6.22; 16.29; 36.72;
Found 16.57; 4.63; 6.43; 16.50; 36.64;
12) Bis(N-methylphenethylammonium)tetrachlorochromate(II)
Chromium(ll) chloride tetrahydrate (0.80 g, 0.0041 mole), 
dissolved in absolute ethanol ( 2 0 cm ), was added to a solution 
of N-methylphenethylammonium chloride (1.50 g, 0.0087 mole) in 
absolute ethanol (20 cm ) . The blue solution obtained was 
concentrated under vacuum until 20 cm remained. 2 ,2-
Dimethoxypropane (50 cm ) was added with shaking. The white 
crystals which separated immediately were filtered off, washed 
with absolute ethanol containing DMP (1:1) and dried under vacuum
12.39%
11.95%
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at room temperature for 6 hours. The white compound turned green 
in 5 minutes in air (yield = 60%).
Calculated for C H 2j[ j£l Cr
c20H17N2cl4Cr 46.37; 6.05; 6.01; 30.41; 11.15%
Found 48.74; 6.97; 6.05; 30.12; 11.00%
13) Bis(anilinium) dibromodichlorochromate(II)
Chromium(ll) bromide (2.00 g. 0.0094 mole) was dissolved in hot 
glacial acetic acid (60 cm ) to give a green solution. To this 
was added anilinium chloride (2.44 g, 0.0188 mole) solution in 
hot glacial acetic acid (60 cm ) . The reaction mixture was
refluxed for 30 minutes and then allowed to cool to give a
yellowish brown crystalline compound which was filtered off, 
washed with glacial acetic acid (50 cm ) and dried under vacuum 
for 10 hours at room temperature. The yellowish brown compound 
turned green in 5 minutes in air (yield = 65%).
Calculated for C H N Cl Br Cr
c12H16N2cl2Br2Cr 30.60; 3.42; 5.94; 15.05; 33.93; 11.00%
Found 30.62; 3.56; 5.82; 14.56; 33.00; 10.67%
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14) Bis(anilinium) tribromochlorochromate(II)
Propionic acid was used in this preparation and the next because 
acetic acid just gave starting materials.
Chromium(ll) bromide (2.48 g, 0.0117 mole) was dissolved in hot 
propionic acid (130 cm ). The resulting green solution was 
transferred to the recrystallisation apparatus and heated as in 1 
to dissolve the anilinium chloride (1.51 g, 0.0116 mole) and 
anilinium bromide (2.00 g, 0.0115 mole) on the sinter. Yellow 
crystals appeared on cooling. These were filtered off, washed 
with propionic acid (50 cm ) and dried under vacuum for 10 hours 
at room temperature. The yellow compound turned dark green in 5 
minutes in air (yield = 70%).
Calculated for C H N Cr
C12H16N2cl0.5Br3.5 26.80; 3.00; 5.21; 9.67%
Found 26.56; 3.10; 5.08; 10.00%
15) Bis(anilinium) tetrabromochromate(II)
Chromium(II) bromide (1.00 g, 0.0047 mole) was dissolved in hot 
propionic acid (100 cm3), to give a light green solution. To 
this was added the anilinium bromide (1.50 g, 0.0086 mole). The 
reaction mixture was heated, the yellow compound which separated 
was redissolved at ca. 150°C, and the light green solution was 
allowed to cool. The yellow micro-crystalline compound obtained 
was filtered off, washed with propionic acid (50 cm ) and dried
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under vacuum at room temperature for 10 hours. It turned green 
in 5 minutes in air (yield = 80%).
Calculated for C H
c12H16N2Br4Cr 25.74; 2.88;
Found 26.26; 3.23;
16) Preparation of crystals of bis(anilinium) tetrabromo- 
chromate(ll)
Chromium(ll) bromide (1.93 g, 0,0091 mole) was dissolved in hot 
propionic acid (150 cm ). To this green solution was added the 
anilinium bromide (2.86 g, 0.0164 mole). The yellow compound 
which appeared at ca. 100°C was redissolved by heating to ca.
150°C. The hot green solution was transferred to an oven at 
140°C in a flask with greaseless taps and then cooled very 
slowly by decreasing the temperature by 20° daily. Yellow 
crystals appeared after a few days. They were filtered off
washed with propionic acid (50 cm ) and dried under vacuum for 6
hours at room temperature (yield = 70%).
Calculated for C H N
N Br Cr
5.00; 57.08; 9.28%
4.84; 57.10; 9.12%
c12H16N2Br4Cr 25.74; 2.88; 5.00%
Found 25.11; 2.79; 4.71%
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17) Preparation of crystals of anilinium trichlorochromate(ll)
Chromium(ll) chloride (0.50 g, 0.0040 mole) was dissolved in hot 
glacial acetic acid (150 cm ) to form a light green solution. To 
this was added the anilinium chloride (1.05 g, 0.0081 mole). The 
white compound which separated immediately was heated to boiling 
until all compound had dissolved. The reddish brown solution 
obtained was placed in an oven at 130°C and allowed to cool 
slowly by decreasing the temperature by 10°C daily. Yellowish 
brown crystals appeared after one week. These were filtered off, 
washed with glacial acetic acid ( 2 0 cm ) and dried under vacuum 
at room temperature for 8 hours. These turned green in 5 minutes 
in air (yield = 50%).
Calculated for C H N
C6H8NCl3Cr 28.62; 3.18; 5.56%
Found 30.15; 3.45; 5.56%
18) Bis(anilinium) tetrachlorochromate(II)
Chromium(ll) chloride (1.59 g, 0.0129 mole) was dissolved in hot 
glacial acetic acid (130 cm ) to give a light green solution 
which was transferred to the recrystallisation apparatus. 
Anilinium chloride (3.50 g, 0.0270 mole) was dissolved from the 
sinter as in 1. The pale yellow crystals, which separated 
immediately from a reddish brown solution, were filtered off, 
washed with glacial acetic acid (75 cm ) and dried under vacuum
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for 10 hours at room temperature. The pale yellow compound 
turned green in 5 minutes in air (yield = 90%).
Calculated for C H N £1 Cr
c12H16N2cl4Cr 37.72; 4.22; 7.33; 13.61; 37.11%
Found 37.45; 4.25; 7.15; 13.62; 37.10%
19) Bis(benzylammonium) tetrachlorochromate(II)
Chromium(ll) chloride (1.84 g, 0.015 mole) was dissolved in hot 
glacial acetic acid ( 2 0 0 cm ) to give a light green solution 
which was transferred to the recrystallisation apparatus and 
heated as in 1 to dissolve the benzylammonium chloride (4.30 g, 
0.030 mole) on the sinter. Bright white crystals which separated 
on cooling were filtered off, washed with glacial acetic acid
O
(50 cm ) and dried under vacuum for 8 hours at room temperature. 
The white compound turned green in 5 minutes in air 
(yield = 70%).
Calculated for iC H N £1 Cr
c14H20N2cl4Cr 41.00; 4.91; 6.83; 34.57; 12.68%
Found 41.06; 4.82; 6.81; 34.44; 12.62%
20) Bis(benzylammonium) bromotrichlorochromate(II)
Chromium(ll) chloride (1.48 g, 0.0120 mole) was dissolved in
O
glacial acetic acid ( 2 0 0 cm ) by heating to give a green solution 
which was transferred to the recrystallisation apparatus. The
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chromium(II) chloride solution was heated and cooled as described 
in 1 until all the benzylammonium chloride (1 .7 3  g, 0 . 0 1 2 0  mole) 
and benzylammonium bromide (2.26 g, 0 . 0 1 2 0  mole) which had been 
placed on the sinter had been dissolved. The pale yellow
crystals which separated from the reddish brown solution on
cooling were filtered off, washed with glacial acetic acid (7 5  
cm ) and dried under vacuum at room temperature for 6 hours. 
They turned green in 5 minutes in air (yield = 70%).
Calculated for C H N £1 Br Cr
C14H20N2C13.3Br0.7Cr 38*1;L? 4.56; 6.35; 12.67; 26.51; 11.44%
Found 38.42; 4.45; 6.29; 12.00; 26.39; 11.78%
21) Bis(benzylammonium) dibromodichlorochromate(II)
Chromium(ll) chloride (1.50 g, 0.0120 mole) was dissolved in 
glacial acetic acid (2 0 0 cm ) by heating to give a light green 
solution which was then transferred to the recrystallisation
apparatus and heated as in 1 to dissolved the benzylammonium 
bromide (4.50 g, 0.0240 mole) on the sinter. The bright yellow 
crystals which separated from the reddish brown solution on
cooling were filtered off, washed with glacial acetic acid (50
o
cm ) and dried under vacuum for 8 hours at room temperature. The 
yellow compound turned green in 5 minutes in air (yield = 80%).
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Calculated for C H N Cl Br Cr
c14H20N2cl2.2Br1.8Cr 34*30; 4.11;- 5.71; 15.91; 29.39; 10.42%
Found 34.26; 4.04; 5.52; 15.39; 29.45; 10.52%
22) Bis(benzylammonium) tribromochlorochromate(II)
Chromium(II) bromide (3.00 g, 0.0140 mole) was dissolved in hot
transferred to the recrystallisation apparatus and heated as in 1 
to dissolve the benzylammonium chloride (2 . 0 0  g, 0.0140 mole) and 
benzylammonium bromide (2.66 g, 0.0140 mole) on the sinter. The 
bright yellow crystals which separated from the green solution on 
cooling were filtered off, washed with glacial acetic acid (50 
cm ) and dried under vacuum for 6 hours at room temperature. The 
yellow compound turned green in 5 minutes in air (yield = 70%).
Calculated for C H H £1 Br Cr
c14H20N2clBr3Gr 30.94; 3.71; 5.15; 6.52; 44.10; 9.56%
Found 30.90; 3.63; 5.29; - 44.35; 9.50%
23) Bis(benzylammonium) tetrabromochromate(II)
Chromium(ll) bromide (1.61g, 0.0076 mole) was dissolved in hot
glacial acetic acid ( 2 0 0 cm ) to give a light green solution 
which was transferred to the recrystallisation apparatus and 
heated as in 1 until all the benzylammonium bromide (2.90 g,
0.015 mole) on the sinter had dissolved. The bright yellow 
crystals obtained on cooling were filtered off, washed with
*3
glacial acetic acid ( 2 0 0 cm ) The green solution was
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glacial acetic acid (50 cm ) and dried under vacuum for 8 hours 
at room temperature. The yellow compound changed to green in 5 
minutes when exposed in air (yield =80%).
Calculated for C H H ' ■ Cr
C14H20N2Br4Cr 28.60; 3.43; 4.76; 54.36; 8.84%
Found 28.80; 3.41; 4.78; 54.34; 8.83%
24) Preparation of crystals of bis(benzylammonium) tetra-
bromochromate(II)
Chromium(ll) bromide (1.50 g, 0.007 mole) was dissolved in hot 
glacial acetic acid (250 cm ) . To the resulting green solution 
benzylammonium bromide (2.80 g, 0.0160 mole) was added. The 
yellow compound which separated immediately was heated on an oil 
bath in a flask (Fig. 2.4a) until all the compound had dissolved. 
The green solution was stood overnight in a hot oil bath which 
was allowed to cool slowly. The bright yellow crystals obtained 
were filtered off, washed with glacial acetic acid (50 cm ) and 
dried under vacuum for 6 hours at room temperature (yield = 70%).
Calculated for C H N
C14H20N2Br4Cr 28.60; 3.43; 4.76;
Found 28.96; 3.40; 4.87%
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25) OTHER PREPARATIVE STUDIES
Attempts to prepare the compounds listed in Table 3.1 using 
various solvents and procedures were unsuccessful. The analyses 
for chromium and the micro-analytical results for carbon, 
hydrogen, and nitrogen which are given in Table 3.1 were 
unsatisfactory.
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3.4 RESULTS AND DISCUSSION
3.4.1 PREPARATIONS
The complexes [A]2 [CrX4] (where A = PhNH3 or o-CH3C6H4NH3, X = 
Cl; A = BzNH3, X = Cl or Br) 33' are ferromagnetic, but
some others, i.e. [A]2 [CrBr4] (A = NH4 or PhNH3 ) 34 exhibit 
antiferromagnetic behaviour. All except [A]2 [CrX4] (A = 
o-CH3CgH4NH3 or PhNH3 X = Cl; A = BzNH3, X = Cl or Br) were 
previously prepared by thermal dehydration of corresponding 
hydrates.
Crystals suitable for X-ray diffraction studies cannot be 
obtained by thermal dehydration. Consequently the use of acetic 
acid as a solvent for crystallisaition has been further
investigated, and it has been successful in several cases. 
However, the products frequently contain coordinated acetic acid 
and as a result are of different structure and are magnetically 
dilute. Propionic acid has also been found to be a useful 
solvent but again most salts obtained contain coordinated 
propionic acid.
In earlier work (Table 3.2) e.g. with [NH4 l2 [CrX4] and 
[PhNH3 ]2 [CrX4] (X = Cl or Br) it was found that chloro complexes 
were ferromagnetic and bromo complexes antiferromagnetic. In an 
attempt to explain the different magnetic behaviour of the chloro 
and bromo-complexes several mixed halides have been prepared.
In the preparation of the mixed halides the reactants were taken 
in integral molar quantities, but, as found in the preparations
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TABLE 3-2
Magnetic Behaviour and Structure of some Known 
Tetrahalogenochromates(II)
Compound Magnetic behaviour Structure
[A]2 [CrX4]
A = NH4 ,Rb,Cs
X = Cl Ferromagnetic Polymeric layers
X = Br Antiferromagnetic —
A = MeNH3 ,EtNH3,
PrnNH3
X = Cl or Br Ferromagnetic Polymeric layers
A = Me2NH2
X = Cl Antiferromagnetic [Cr3Cl12]^“ units
X = Br 11 —
A = PyH
X = Cl or Br Antiferromagnetic -
A = PhNH3
X = Cl Ferromagnetic9 _
X = Br Antiferromagnetic9 —
A = BzNH3
X = Cl or Br Ferromagnetic9 Polymeric layers
a = confirmed in present work, and structure of 
[BZNH3 ]2 [CrBr4] obtained.
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of the analogous monoalkylammonium salts of mixed 
tetrahalogenochromates(ll)54, the product which crystallised was 
sometimes richer in chloride than the reaction mixture, excess of 
bromide remaining in solution. In general, the almost boiling 
reaction solution was allowed to cool undisturbed overnight, but 
crystals and mother liquor were not allowed to equilibrate 
further. Except in the O-methylanilinium salts which may be five 
coordinate, the anions are thought to be polymerised in infinite 
halide bridged sheets with terminal and bridging halide, so that 
in principle x can take all values between 0 and 4 in 
[A]2 [CrClxBr4_x] (where A = PhNH3 or BzNH3).
3.4.2 MAGNETIC PROPERTIES
The variation with temperature of the atomic susceptibilities and 
effective magnetic moments of the complexes over the range 90- 
295°K and Curie-Weiss constants, 0 are shown in Table 3.3 and 
some typical examples are plotted in Figs. 3.5 -3.7.
The magnetic moments of the complexes of the type
[o-CH3C6H4NH3 ]2 [CrClxBr4_x(B)] (x = 4,3,2; B = CH3C0 2H; x = 1,
B = C2H3C0 2H) lie in the range (5.13-5.53 B.M.) at room
temperature and do not change on lowering the temperature. 
Magnetic measurements were repeated on these compounds and the 
high values were confirmed, but the reason for them is not known. 
Compounds of the type [o-CH3C6H4NH3 ]2 [CrCl4 (C2H5C02H)], 
[o-CH3C6H4NH3 ]2 [CrCl4 (THF)] and [o-CH3C6H4NH3 ]2 [CrBr4 (C2H5C02H)] 
have magnetic moments in the range (4.73-4.86 B.M.) which are
close to the spin-only value and vary little with temperature.
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All the o-methylanilinium salts are thought to be magnetically 
normal, five coordinate high spin chromium(ll) compounds, and not 
to have polymeric bridged structures.
The compounds of the type [NH4] 2 [CrClxBr4_x]nCH3C02H (x = 3, n = 
1; x = 0, n = 0.5), [Me2NH2 ]2 [CrCl2Br2 ]CH3C02H,
[C6H5 (CH2 )2NH2 (CH3 )]2 [CrCl4] and [PhNH3 ]2 [CrClxBr4_x] (where x = 
2,0.5,0) have room temperature magnetic moments 3.58-4.74 B.M., 
which are well below the spin-only value (4.90 B.M.). These 
values decrease markedly as the temperature is lowered (ca. 1.87- 
4.50 B.M. at 90°K) . The Curie-Weiss law is obeyed by these 
complexes with large negative intercepts ( 0 = positive) on the 
temperature axis. The low moments and their temperature 
dependence can be attributed to antiferromagnetic interactions 
probably arising from halide bridged structure.1^7,168,179 
These structures are also confirmed by the reflectance spectra 
which are typical of tetragonal six-coordinate chromium(II).
Because of the small amount of anilinium trichlorochromate(II) 
available, magnetic moment measurements were not carried out. 
However, all trichlorochromates(II) of this formula are 
antiferromagnetic^' and the same behaviour is expected
for this compound.
The chromium(ll) tetrahalogeno complexes of the type 
[PhNH3 ]2 [CrCl4] and [BzNH3 ]2 [CrClxBr4_x] (where x 
4,3.3,2.2,1,0) exhibit typical ferromagnetic behaviour. The 
effective magnetic moments for these complexes are noticeably 
greater than the spin-only value of 4.90 B.M. at room temperature
- 95 -
and increase considerably as the temperature is lowered. All 
these compounds obey the Curie-Weiss law with positive intercepts 
on the temperature axis as found earlier for this class of
c o m p o u n d s . ^4'168,179 However, some curvature has been
observed at low temperature in the plot of reciprocal atomic 
susceptibility versus temperature and 0 values have been obtained 
by least squares extrapolation of the upper linear portion.
The ferromagnetic behaviour must be attributed to the nature of
the compounds and not to the accidental presence of ferromagnetic
impurities. XA is found to be independent of magnetic field
ostrength over the range investigated (90-29 5 K) which also
confirms the absence of ferromagnetic impurity. Ferromagnetic
153 . . . .alignment of electron spin is said to produce susceptibilities
up to 1 0 4 e.g.s. units in excess of those for a normal
paramagnetic material. This has been found with these compounds.
The susceptibility data become field dependent for this class of 
RR 1ft9 1Q1complex ' ' below the Curie temperature which is outside
the range of our equipment.
The ferromagnetic behaviour of. the complexes is reasonably well 
reproduced by substitution of the values of J and g given in
1 co pn q
Table 3.3 in the high temperature series expansion ' 
expression (equation 3.1) which applies to a sheet ferromagnet.
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TABLE 3.3
Magnetic Susceptibility Data: 
Tetrahalogeno Complexes of Chromium(ll)
Compound
[o-ch3c6h4nh3]2- 
[CrCl4 (CH3C02H)]
0 = 7°
Diamagnetic correction = -221 x 
[o-CH3c6H4NH3]2“ 
[CrCl3Br(CH3C02H)]
0 = 18°
Diamagnetic correction = -232 x
[o-ch3c6h4nh3]2-
[CrCl2Br2 (CH3C02H)]
Diamagnetic correction = -243 x
[o-ch3c6h4nh3]2-
[CrCl4 (C2H5C02H)]
0 = -9°
Diamagnetic correction—  -232 x
T(°K) xA
x 1 0 6
1A A
x 1 0 ” 1
yeff
(B.M
295 12791 7.817 5.49
262.5 14188 7.048 5.45
230.5 16088 6.215 5.44
199 18490 5.408 5.42
166.5 21786 4.590 5.38
135.5 26368 3.790 5.34
104.5 35139 2.845 5.42
89.5 40559 2.465 5.39
1 0 " 6 c.g.s. units per mole
294.5 12976 7.706 5.53
262.5 14454 6.918 5.50
230.5 15892 6.292 5.41
198.5 18129 5.516 5.36
166.5 21365 4.680 5.33
135 25999 3.846 5.29
104 33310 3.002 5.26
90 38184 2.619 5.24
1 0 ’ 6 c.g.s. units per mole
295 11597 8.623 5.23
263 12873 7.768 5.20
230.5 14634 6.833 5.19
198.5 16702 5.987 5.15
166.5 19563 5.110 5.10
136 23920 4.180 5.10
104.5 31358 3.189 5.12
90.5 35891 2.786 5.09
— 610 e.g.s. units per mole
295 9573 10.440 4.75
263 10921 9.156 4.79
230 11838 8.447 4.66
198 14702 6.801 4.82
165 17810 5.615 4.84
136 22302 4.484 4.92
104 28274 3.536 4.85
85 35238 2.837 4.89
— 610 e.g.s. units per mole
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TABLE 3.3
Compound
[o-CH3C6H4NH3]2- 
[CrClBr3 (C2H5C02H)]
0 = 7 °
Diamagnetic correction = -264 
[o-ch3c 6h4nh3]2-
[CrBr4 (C2H5C02H)]
6 =  - 6 °
Diamagnetic correction = -274 
[o-ch3c 6h4nh3]2-
[CrCl4 (C4H80)]
6 =  1 °
Diamagnetic correction = -256 
[NH4 ]2 [CrCl3Br]CH3C02H
0 = 108°
Diamagnetic correction = -144
Continued
TCK) X A  1 / X *  Veff
x 106 x 10-1 (B.M.)
294.5 11185 8.940 5.13
263 12290 8.130 5.08
230 13461 7.429 4.97
198.5 15801 6.328 5 . 0 0
166.5 18597 5.377 4.97
136 22887 4.369 4.99
104.5 30298 3.300 5.03
90 35694 2.801 5.07
1 0 " 6 c.g.s. units per mole
295 1 00 1 1 9.989 4.86
263 11246 8.892 4.86
230 12939 7.728 4.87
198 15074 6.634 4.88
165 18055 5.538 4.88
135 22429 4.458 4.92
104 29538 3.385 4.95
90 34689 2.880 4.96
1 0 ~ 6 c.g.s. units per mole
295 9495 10.531 4.73
263 10486 9.536 4.69
230 12133 8.242 4.72
198 14074 7.105 4.72
165 16632 6 . 0 1 2 4.68
136 20796 4.808 4.75
104 27277 3.666 4.76
89 31495 3.175 4.73
1 0 “ 6 c.g.s. units per mole
295 6581 15.195 3.94
263 7389 13.533 3.94
231 7988 12.518 3.84
198 8916 11.215 3.75
165 9754 10.252 3.58
136 11072 9.031 3.47
104 12614 7.927 3.24
10 e.g.s. units per mole
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TABLE 3.3 Continued
Compound
[NH4 ]2 [CrBr4 ]0.5CH3C02H 
e = 24°
Diamagnetic correction s  -161 
[(CH3 )2NH2 ]2 [CrCl2Br2 ]CH3C02H
0 = 23°
Diamagnetic correction = -203 
[C6H5 (CH2 )2NH2 (CH3 )]2 [CrCl4]
0 = 25°
Diamagnetic correction = -248 
[C6H5NH3 ]2 [CrCl2Br2]
T(»K) X A 1/XA J*4ff
_ i n 6 x 10“ 1 (B.M.)
295 6258 15.979 3.84
263 6946 14.396 3.82
231 7820 12.787 3.80
198.5 9009 1 1 . 1 0 0 3.78
165 10578 9.453 3.73
136 12374 8.081 3.66
104 15627 6.399 3.60
89 17765 5.629 3.55
1 0 ~ 6 c.g.s. units per mole
294.5 6958 14.372 4.05
263.5 7580 13.190 3.99
231 8546 11.700 3.97
198.5 9791 1 0 . 2 1 0 3.94
166.5 11254 8.880 3.87
136 13869 7.310 3.85
104 17600 5.680 3.82
89.5 19721 5.070 3.75
1 0 “ 6 c.g.s. units per mole
295 7847 12.743 4.30
263 8627 11.591 4.26
231 9666 10.345 4.22
198 11180 8.944 4.20
165 13000 7.692 4.16
136 15599 6.410 4.12
104.5 19467 5.136 4.03
89 21822 4.582 3.94
1 0 ~ 6 c.g.s. units per mole
295 5442 18.375 3.58
263.5 5642 17.724 3.44
231 5741 17.418 3.25
198.5 5761 17.358 3.02
166.5 5582 17.914 2.72
136 5442 18.375 2.43
103.5 5262 19.004 2.08
90 4863 20.563 1.87
—  6Diamagnetic correction = -193 x 10 e.g.s. units per mole
- 99 -
TABLE 3,3 Continued
Compound T(°K) XA 1/XA ^eff
x 106 x 10-1 (B.M.)
[C6H5NH3 ]2 [CrCl0 #5Br3#5]
e = 34°
Diamagnetic correction = -208 x 
[C6H5NH3 ]2 [CrBr4]
e = 15°
Diamagnetic correction = -214 x 
[C6H5NH3 ][CrCl4]
e =.57°
Diamagnetic correction = -172 x 
[C6H5CH2NH3]2[CrCl4]
e = -65°
295 9319 10.730 4.69
260.5 10341 9.670 4.64
230.5 11612 8.611 4.62
198.5 13006 7.688 4.54
166.5 15052 6.643 4.47
135.5 17810 5.614 4.39
104 22303 4.483 4.30
88 25620 3.903 4.24
— ft10 e.g.s. units per mole
295 9558 10.463 4.74
263 10653 9.387 4.73
230 11917 8.391 4.68
198 13768 7.263 4.67
166 16142 6.195 4.63
135 19597 5.103 4.60
101 25641 3.900 4.55
86 29481 3.392 4.50
1 0 “ 6 c.g.s. units per mole
295 12900 7.752 5.51
262.5 14789 6.762 5.57
230 17648 5 . 6 6 6 5.69
198 21775 4.590 5.87
166 28264 3.538 6 . 1 2
135.5 39625 2.523 6.55
104 64882 1.541 7.34
' 90 89817 1.113 8 . 0 0
1 0 ” 6 c.g.s. units per mole
295 15471 6.463 6.04
262.5 17837 5.606 6 . 1 2
230 21213 4.714 6.24
197.5 26796 3.732 6.50
166.5 34840 2.870 6.81
135 51149 1.955 6.90
103.5 91116 1.097 8 . 6 8
88 133670 0.748 9.67
g = 2.10, J/cnT1 = 10.70
Diamagnetic correction = -204 x 10*" e.g. s. units per mole
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TABLE 3.3 Continued
Compound T(°K) XA 1/X
x 1 0’ x 10 -1
Keff
(B.M.)
[C6H5CH2NH3 ]2 [crci3 .3BrQ# ?]
e = -83°
g = 1.93, J/cm" 1 = 12.30 
Diamagnetic correction = -211 x 10 
[C6h5ch2Nh3]2[CrCl2.2Br1 . 8]
= -83
g = 2.07, J/cm" 1 = 12.70 
Diamagnetic correction = -223 x 10 
[C6H5CH2NH3 ]2 [CrClBr3]
295 13420 7.451 5.62
262.5 15800 6.328 5.76
230 19318 5.176 5.96
198.5 24836 4.026 6.28
166.5 33666 2.970 6.69
136 50221 1.991 7.39
104 93713 1.067 8.80
90 140861 0.710 10.07
-6 e.g.s. units per mole
295 14436 6.927 5.83
262 17160 5.827 5.99
230.5 20909 4.780 6 . 2 1
198.5 27139 3.684 6.56
136 58774 1.701 7.98
104 116949 0.855 9.86
88 183942 0.543 11.37
-6 e.g.s. units per mole
0 = -82°
g = 1.95, J/cm" 1 = 13.1 
Diamagnetic correction = -236 x 10 
[C6H5CH2NH3 ]2 [CrBr4]
295.5 14103 7.090 5.77
263 17075 5.856 5.99
230.5 20608 4.852 6.16
198.5 26618 3.756 6.50
165.5 36325 2.752 6.93
135 55180 1.812 7.72
104 105436 0.948 9.36
90 166424 0.600 10.93
0 =  - 88°
g = 1.87, J/cm" 1 = 14.70 
Diamagnetic correction =
0 " 6 c.g.s. units per mole.
295.5 13684 7.307 5.68
262.5 16281 6.142 5.84
230.5 20117 4.971 6.09
198.5 25764 3.881 6.39
166.5 36454 2.743 6.96
136 58289 1.715 7.96
104 122476 0.816 10.09
89.5 208379 0.479 1 2 . 2 1
—  6-246 x 10 e.g.s. units per mole
- 101 -
Fig. 3.5
8.0
[o-CH3C6H4NH3]2[CrCl4(CHjCOOH)]
6.0
. f t # - #  i V  •  •
O
<
4.0
2.0
3002001000
T (°K)
15.0
[ o-CH3C6H4NH3 ] 2 [ CrBr4 ( C 2 H 5 CO 0 H) ]
10.0
x
<X
rH
5.0
200 3000 100
T r°K)
(B
.M
.)
 
Z
1 
ef
f.
- 102 -
Fig. 3.6
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Ng32/XA = (kT/2) + J(-4 + 9x - 9.072x2 + 55.728x3 - 160.704x4 + 
116.64x^) (equation 3.1)
with S = 2 and in which x = J/kT and the other symbols have their 
usual meanings. For ferromagnetic chromium(ll) complexes g 
values near 2 and J values from 7 to 9 cm“  ^ have been 
found34' 168,179,210 for chlorides an<3 slightly higher values for 
bromides. The values of g for our compounds which gave the 'best 
fit' of the data are near 2.00, and J values lie in the range 10- 
15 cm“ .^ Since and J values are higher for bromides than
for chlorides indicating that the magnetic interaction increases 
slightly with replacement of chloride bridges by less 
electronegative and more polarisable bromide bridges it is 
possible that in these mixed halides, bromide bridges
predominate.
2—These complexes consist of [CrX^] units which form long bonded 
Cr-X....Cr bridges with neighbouring units to give a layer
oi -I O I O
structure and distorted octahedral configuration to the
Cr11 ions (Fig. 3.2).
Since the high spin Cr11 ions in these halides are in elongated
otetragonal coordination the dz orbitals are singly occupied and 
the dx 3 „ orbitals empty. The alternation of the elongation 
axes in the basal plane of the layer structure permits transfer
9of electron spin via the bridging halide from a dz orbital on
TT 2 2one Crx to an empty dx _y orbital on another, and encourages
parallel alignment of the spins on adjacent Cr11 ions. With 180°
-105- 
2 2 2
bridge angles the dx -y and dz orbitals are orthogonal and the 
super exchange is ferromagnetic, but as the angle is lowered 
contributions from antiferromagnetic pathways can oppose the
pi*}
ferromagnetic behaviour. A similar explanation has been given 
for the ferromagnetism of ^[CuF^] and the bis (monoalkylammonium) 
tetrachlorocuprates(II).
The magnetic behaviour of transition metal complex can be 
influenced by the counter ion as can be seen here from the 
antiferromagnetic behaviour of [PhNH^]2 [CrBr^] and ferromagnetic 
behaviour of [BzNHg]2 [CrBr^]. This is probably due to the
effect of the counter-ion in determining the crystal structure.
Presumably because of lack of data, little is known of magnetic 
interaction in chromium(II) compounds. Ginsberg2 '*’4 has described 
many pathways which permit parallel (ferromagnetic interaction) 
or antiparallel (antiferromagnetic interaction) coupling in 180°
A O
high-spin d systems for the situation where two planar [CrX^] - 
units share a corner. He concluded that the net result is likely 
to be antiferromagnetic coupling. However, if the coupling 
occurs via the tetragonal axis, the longer metal-chloride 
distance could lead to a diminution of the antiferromagnetic 
interaction compared with the ferromagnetic interaction. In the 
case of the [CgH^NHg]2 [CrClxBr^_x] compounds with
antiferromagnetic behaviour, it is possible that the presence of 
anilinium cations reduces the Cr-Br-Cr angle and/or the 
tetragonal distortion and favours the antiferromagnetic 
interactions. The angle must be important since 1:1 compounds,
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for example CsCrCl3 have structures1^  (Fig. 3.4) in which the 
Cr-Cl-Cr bridge angles are much nearer to 90° than to 180° and 
their antiferromagnetic behaviour agrees with the predictions. ^ 14
Bis(anilinium) tetrachlorochromate(II) shows ferromagnetism, 
whereas the mixed halide salts and the similar bromo compound 
exhibit antiferromagnetism. This change in the magnetic 
behaviour could be due to the larger ionic radius of bromide (r - 
1.96 A) relative to chloride (r = 1.81 K ), and the different 
electronegativities of chloride and bromide could also be 
important if the same layer structure is present in 
antiferromagnetic [CgH^NH^]3 [CrBr^] as in ferromagnetic 
[CgH5NH3 ]2 [CrCl^J and [C0H5NH3 ][CuCl^]. The substitution of 
bromide for chloride may change the tetragonal distortion and/or 
the Cr-X-Cr 180° angle so that the situation favours 
antiferromagnetic interactions. On the other hand it may be that 
the structures are completely different (Fig. 3.19).
The bis(benzylammonium) tetrahalogenochromates(II) exhibit
9 _
ferromagnetisim throughout and so all the [CrX^] salts must 
have the same layer structure (Fig. 3.16).
3.4.3 REFLECTANCE SPECTRA
The reflectance spectra of chromium(II) complexes were discussed 
in Chapter 1. In a tetragonal field, three d-d bands are
"IOC c c
expected corresponding to the transitions, B^g 7 Aig^vl''
5Blg * 5®2g( v2 > and --- > 3Eg(Vg). The reflectance spectra
of all tetrahalogen°ochromates(II) were recorded as described in
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Chapter 2. The bands observed are listed in Table 3.4, and 
examples of the typical spectra are illustrated in Figures 3.8- 
3.10.
The complexes [o-CHgCgH^NHg]2 [CrClxBr4_x(B)] (x = 4,3,2, B =
CH3CO2H; x = 4,1,0, B = C2H5CO2H) seem to contain five coordinate 
chromium(ll). This is because they are magnetically normal, the
i.r. spectra show one band in the region 1670-1690 cm”1,
assignable to coordinated acetic acid or propionic acid, and the 
reflectance spectra contain one broad absorption band in the 
region of 1 2 0 0 0 cm- 1  as found for highly distorted complexes. 
This suggests that the anions contain square-pyramidal rather 
than trigonal bipyramidal anions, which would be expected to have 
bands at lower frequency. For example, trigonal bipyramidal 
[CrBr {(N(CH2CH2NMe2 )3 )}]+, which contains a stronger field ligand 
than halide, has a spectrum^ 13 with bands(cm”1) at lower wave 
numbers, i.e. 13000(s) and 11000(w).
The complex [O-CH3C0H4NH3 ]2 [CrCl^(THF)] may also contain square 
pyramidal anions. The reflectance spectrum contains one broad 
band at 11980 cm” 1 and it is magnetically normal.
The breadth of the 12000 cm” 1 band in our compounds makes it 
difficult to see clearly the effect of substitution of chloride 
by bromide, but the frequency seems to decrease from chloride to 
bromide. In addition to the spin-allowed d-d bands, the spectra 
of some compounds contain a few weak bands at higher
o] c
frequencies, which are assigned to spin-forbidden transitions.
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Fig. 3.8
w o 
2  
< 
PQ 
0(S 
O 
CO 
PQ 
<
1 . 0
[£-CH3C6H4NH3]2[CrC14(CH3COOH^
0.5
0
1200900600350
nm
wo
52:
<
PQOS
O
CO
PQ
<
1 . 0
[o-CH3C6H4NH3]-2[CrBr4(C2H5C00H)]
0.5
0
1200900600350
nm
1 .
wCJz
<
PQ
04
8
PQ
<
-113-
Fig. 3.9
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The reflectance spectra of tetrahalogenochromates(II) of the
type [NH4 ]2 [CrClxBr4 _x]nCH3C02H, (where x = 3, n = 1; x = 0,
n = 0.5) [Me2NH2 ]2 [CrCl2Br2 ]CH3C02H, [C6H5 (CH2 )2NH2 (CH3 ]2 [CrCl4],
[PhNH3 ]2 [CrClxBr4_x] (x = 4,2,0.5,0), [PhNH3 ][CrCl3] and
[BzNH3]2 [CrClxBr4_x] (x = 4,3.3,2.2,1,0), resemble those found
for known3 4 , 5 4 , 1 6 7 ' 168 tetragonally distorted six-coordinate
chromium(II) compounds. There is one broad asymmetric absorption
band at ca. 11500-13500 cm-1. This confirms the polymeric nature
of these complexes suggested by their magnetic behaviour. The
broad asymmetric band is assigned to the overlapping spin-allowed
transitions 5Blg >5Alg,5B2g, and 5Eg> The wavenumber of this
167
band would be expected to decrease with bromide substitution, 
because of the weaker ligand field strength of bromide, and for
the mixed halides to be between the values of tetrachloro and
tetrabromo chromates(II) as was found for the monoalkylammonium 
54mixed halides. There is however, little variation which may
mean considerable distortion of the octahedra.
The spectra of all compounds except [NH4 ]2 [CrClxBr4_x]nCH3C02H (x 
= 3, n = 1; x = 0, n = 0.5), [ (CH3) 2NH2 ] 2 [CrCl2Br2 ] CH3C02H and
[CgH3 (CH2 )2NH2 (CH3 )]2 [CrCl4] show two very sharp and intense 
spin-forbidden bands around 15800 and 18500 cm""1 together with 
several weaker bands. Similar bands occurring almost at 
identical frequencies in the spectra of the 
tetrahalogenochromates(II) 3 4 , 5 4 , 1 6 7 ' 1 68 have been assigned to 
quintet to triplet transitions to the levels Eg( H) and Aig( G) 
intensified through the magnetic coupling. 5 5 , 1 8 6 , 1 8 7  The 
relative intensities of the spin-forbidden bands can be put in
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the order ferromagnetics > antiferromagnetics > paramagnetics. 
Transitions to these levels should be independent of ligand field 
strength and the spectra of the tetrabromochromates(II) show 
that this is true. The slightly lower frequency of the 
transitions in the spectra of bromides can be ascribed to the 
greater nephelauxetic effect of bromide. 34
Where investigationshave been reported 34,55,168,182 our results 
agree well.
3.4.4 Infrared and Far Infrared Spectra
With the increasing use of infrared spectroscopy particularly in
the region below 600 cm""1, the characterisation of low frequency
stretching and bending modes has become important. Many
vibrations occur in this region, including metal-halogen, metal-
nitrogen, metal-oxygen stretching and deformation modes. Recent
studies have shown that the metal-halogen vibrations give rise to
217intense absorption and are readily identifiable. It has also
been shown that the vibrational frequencies are related to the 
oxidation state and coordination number of the metal, and to the 
stereochemistry of the complex. There have been numerous 
investigations of far i.r. spectra of complexes of the type MLnX2 
(M = first row transition metal, L = pyridine, X = halide; n = 2 
or 4).
The far i.r. spectra of tetrahalocuprate (II) complexes have also 
been studied, 3 1 1 , 2 1 8 ' 216 in detail and the bands in the region 
267-368 cm’ 1 assigned to v(Cu-Cl) and between 168-278 cm""1 to
-117-
v(Cu-Br) vibrations. Very few metal-halogen stretching
vibrations have been reported for tetrahalogenochromium(H) 
complexes. 3 4 , 5 4 , 1 6 7 , 1 6 8  It is found that the position of
M-halogen vibrations depends on the size and mass of the halogen 
atom. Hence the metal-iodide, metal-bromide and metal-chloride 
vibrations occur at increasingly higher frequencies.
Infrared and far infrared spectra of all compounds prepared in 
the present work were recorded as described in Chapter 2. The 
important band positions are given in Table 3.5 and some typical 
spectra in Figures 3.11-3.14.
Detailed spectra in the region 4000-600 cm""1 have not been given 
because they generally show bands due to the organic cations 
only. However, the carbonyl stretching frequencies of the 
o-methylanilinium compounds containing acetic acid or propionic 
acid are given in Table 3.5 and Fig. 3.11 The C=0 stretching 
bands are found at ca. 1670 cm"1, lower than in the uncoordinated 
acids (1720-1760 cm""1 ) . 221 This suggests that the acid behaves 
as a unidentate ligand, coordinating through the carbonyl oxygen 
of the unionised carboxyl group to the metal. A significant 
lowering of the carbonyl stretching frequency on coordination to 
the metal has been reported for severai acetic acid
compounds of first row transition metals. The above results 
confirm that the acid is complexed to the chromium, and is not 
present in the lattice as a solvent molecule.
The strong bands observed between 362-370 cm""1 in the spectra of 
tetrahalogenochromates(II) can be assigned to v(cr-Cl) stretching
-118-
vibrations. These bands are close to the range assigned for 
other chlorochromates(II) . Tetrabromochromates(II) have a 
band at lower wavenumber in the region 240-275 cm"^ as would be 
expected from the greater mass of b r o m i n e . I n  the case of 
mixed halides the band position and intensity depend upon the 
ratio of halides present. For example in the spectrum of 
[ C6H5CH2NH3 ^ 2 fC r C 1 3 . 3Bro. 7^  (Fi-ST* 3.14) the Cr-Br absorption band 
is obscured by a very broad, more intense band arising from the 
Cr-Cl stretching vibration, but as the proportion of bromide 
increases, the Cr-Br absorption becomes more apparent. Except 
for the differences in the region of 3000-3500 cm"-*- and near 1500 
cm~^ presumably due to variation in H-bonding between the anions 
and the cations, the i.r. spectra of complexes of the same cation 
are very similar.
3.4.5 Structures and Single Crystal X-ray Diffraction Studies
Very few structural investigations have been carried out on 
chromium(ll) compounds because of their air-sensitive nature. 
Single crystal X-ray diffraction studies have been carried out on 
bis(benzylammonium) tetrabromochromate(II) and anilinium 
trichlorochromate(ll) prepared as described in 24 and 17 
respectively of this Chapter. These are new examples of a 
ferromagnetic and an antiferromagnetic compound having distorted 
octahedral halide-bridged polymeric structures.
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TABLE 3.5
Main Infrared Spectral Bands (cm""1) of 
Tetrahalogenochromates(II)
Compound v (C=0) v(Cr-Cl) v(Cr-Br)
A = o-CH3C6H4NH3
[A]2 [CrCl4 (CH3C02H)] 
[A]2 [CrCl3Br(CH3C02H)] 
[A]2 [CrCl2Br2 (CH3C02H)]
[A]2 [CrCl4 (C2H5C02H)]
[A]2 [[CrClBr3 (C2H5C02H)]
[A]2 [CrBr4 (C2H5C02H)]
[A]2 [CrCl4 (THF)]
[NH4 ]2 [CrCl3Br]CH3C02H 
[NH4 ]2 [CrBr4 ]0.5CH3C02H 
[(CH3 )2NH2 12“ 
[CrCl2Br2 ]CH3C02H 
[C6H5 (CH2 )2NH2 (CH3 )]2 [CrCl4]
A = C6H5NH3
[A]2 [CrCl4] 
[A]2 [CrCl2Br2] 
[A]2 [CrCl0 5^Br3>5] 
[A]2 [CrBr4] 
[A][CrCl3]
1670s
1680s
1680s
1670s
1680
1670s
335m
325br
300br
330m
275m
300br
370m
330m
330s
300
300br
265w
300m
275m
240w
230m
265w
245s
240s
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TABLE 3.5 cont.
Main Infrared Spectral Bands (cm~^) of 
Tetrahalogenochromates(II)
Compound v(c=0) V(cr-Cl) V(Cr-Br)
A = C6H5NH3 
[A]2 [CrCl4] 300s
[A]2 [CrCl3 >3Br0 -7 ] 295br
[A]2 [CrCl2-2Br1.8^ 290br 260sh
[A]2 [CrClBr3] 280sh, 250s ,
290m 235sh
[A]2 [CrBr4]
280sh
247s,
23 5sh
The OH stretching vibrations of the CO2H groups are obscured by 
the NH stretching vibrations.
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3.4.5.1 The Crystal and Molecular Structure of
Bis(benzylammonium) Tetrabromochromate(II)
Several ferromagnetic tetrachlorochromates(II)187-190 are known 
to have layer structures. Now we report the first structure of a 
ferromagnetic tetrabromochromate(ll). The structures of the 
bromo complexes [CrBr^(011300211)2 ] and
[Hpy] 2 [CrBr^Cl^O) 2 I t are known, but they are magnetically
dilute.
The formulation as [C0H5CH2NH3 ]2 [CrBr^] has been confirmed by the 
single crystal investigation. The crystals are thin yellow 
plates of approximate dimensions 0.6 x 0.4 x 0.08 mm, which are 
extremely air sensitive. Single crystals were loaded into 
Lindemann capillaries as described in Chapter 2, but the 
crystallographic studies were carried out by Dr. V. Ramdas and 
Dr. D. C. Povey. The unit-cell dimensions were determined by 
least squares refinement of a set of 22 reflections (13*0^15) on 
an Enraf-Nonius CAD4 diffractometer. The refinement converged at 
R = 0.055.
The Crystal Data: C-^f^g^Br^Cr' Mr “ '587.96', space group, Pcab, 
orthorhombic, a = 7.909(3), b = 32.06(1), c = 7.760(1) V =
1967.8 A^, Z = 4, Dc = 1.984 g cm"^, F(000) = 1128, graphite-
0monochromated Mo - k radiation (A = 0.71069 A), y(Mo - k ) =
CX
86.1 cm~^.
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The atomic numbering scheme is shown in Fig. 3.15 and the 
contents of the unit cell in Fig. 3.16. Some bond lengths and 
angles are given in Table 3.6.
Fig. 3.16 shows that the Cr11 atoms are six coordinate. Four Br
atoms are disposed in a square-planar arrangement with mean Cr-Br
o 2
distances of 2.55 A. The [CrBr^] units are held in a two-
o
dimensional network by two long Cr-Br bonds (3.044 A) to 
neighbouring anions. The layers so formed are intercalated by
the benzylammonium cations. A polymeric structure was expected 
from the magnetic and spectroscopic properties of the
monoalkylammonium bromides generally, ' and their
similarities to the tetrachlorochromates(II), which are known to
1 0 7_1Q0
have layer structures. The long axes of the [CrBr^]
groups alternate at right angles in the basal plane and this
p p p
leads to the ferromagnetic interaction. The Cr-Br distances
are similar to those in other bromo complexes of
chromium(II) 5 3 ' 1 6 9 ' 223 (Table 3.7).
o
The direct Cr-Cr separation is 5.541 A, and the bridge angle 
Cr-Br-Cr is 164.39°. From investigations of the
tetrachlorochromates(II) it appears that ferromagnetic 
interaction, as measured by the exchange integrals J, increases 
the more linear is the b r i d g e . T h e  Tc is 52°K,^5 some 15°K 
higher than for the corresponding tetrachlorochromate(II). 
Consequently, tetrabromochraomate(II) salts with more linear 
bridges should show higher Tc's.
-127- 
TABLE 3.6
o
Coordination Bond Distances(A) and Bond Angles(°) for 
[BzNHg^tCrBr^] (e.s.d.s. in parentheses)
Cr-Br(1) 2.552(1)
Cr-Br(2) 2.548(1)
Cr-Br(2’) 3.044(1)
Cr-Cr 5.541(1)
Cr-Br(2)-Cr 164.39(6)
Br(1)-Cr-Br(1) 180.00(0)
Br(1)-Cr-Br(2) 89.56(4)
Br(1)-Cr-Br(2') 86.61(4)
Br(2)-Cr-Br(2) 180.00(0)
Br(2)-Cr-Br(21) 91.53(3)
Fig.. 3.15 ATOMIC NUMBERING SCHEME FOR Ccr H_CH_NH _] 0 CcrBrl
b D I 3 Z 4
164.4
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Since [BzNHg] 2 [CrCl^] and [BzNHg] 2 [CrBr^] are isomorphous, 55 
analogous intercalated structures can be assumed for the 
ferromagnetic [BZNH3 ]2 [CrClxBr^_x] = 4,3.3,1.8,1) and
[PI1NH3 ] 2 [CrCl^] complexes.
3.4.5.2 The Crystal Structure of Anilinium Trichlorochromate(Il)
Pale yellow crystals of [PI1NH3 ] [CrCl3 ] were isolated as 
described(17) in this Chapter. Single crystals were loaded into 
Lindemann capillaries as described in Chapter 2. Cell parameters 
were obtained by the least squares refinement of a 24 reflections 
(13^0^15) on an Enraf-Nonius CAD4 diffractometer. The refinement 
converged at R = 0.024.
The Crystal Data: CgHgNCrC^, Mr = 252.49, space group Pnca,
0
orthorhombic, a = 6.25(6), b = 7.09(4), £ = 20.71(5) A, V =
°o
917.1(1) AJ, Z = 4, Dc = 1.829 g cm'J, F(000) = 504, graphite
. 0
monochromated Mo - K radiation (A = 0.71069 A), u(Mo - K ) =a • ' r a
20.366 cm"^.
As can be seen from Figures 3.17 and 3.18 the structure consists 
of the linear, face sharing one dimensional distorted octahedral 
anionic chains which are separated by the anilinium cations. 
This is the same structure as reported for most complexes of the 
type ACrX3 . 5 3 ' 5 6 ' 1 9 8 ' 199
The Cr*^ ions are sited on centres of symmetry in the structure; 
the coordination around the metal atom is octahedral consisting 
of four short and two long bonds. It is a reasonable conclusion
-131-
TTto say that the site symmetry of the Crxx ion is pseudo and
the Jahn-Teller effect is satisfied.
The bond lengths and angles are given in Table 3.8. All bond
lengths and angles in the cation are within the expected range.
o
The Cl-N distance of 3.30 A indicate the presence of rather weak 
hydrogen bonds between the anionic chains and the anilinium 
cations.
Similar complexes to the one investigated here are 
antiferromagnetic and this would seem to be due to the 
interaction of adjacent Cr11 ions via the halide bridges 
and contribute to the overall antiferromagnetic properties of 
this complex. Since the Cr-Cl-Cr bridge angles are approximately 
80°, the structure of the anilinium trichlorochromates(II) 
contrasts sharply with those of the layer tetrahalochromates(II).
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TABLE 3.7
Compounds of Known Structure Containing Cr-Br Bonds
Compound Coord. sphere
(A)
Ref
[NBzH3 ]2 [CrBr4] Cr-Br 2 at 2.548 
2 at 2.552 
2 at 3.044
this work
CrBr2 Cr-Br 4 at 2.54 
2 at 3.00
223
[C(NH2)3 ]2 [CrBr4 (CH3C02H)2] Cr-Br 2 at 2.637 
2 at 2.839 
Cr-0 2 at 2.06
170
(Hpy)2 [CrBr4 (H20)2]a Cr-Br 2 at 2.570 
Cr-0 2 at 2.038
169
a This compound contains trans-planar CrBr2 (OH2 ) 2 units and 
ionic bromide
TABLE 3,8
Coordination Bond Distances(A) and Bond Angles(°) for 
[PhNHg][CrClg] (e.s.d.s. in parentheses)
2.417(2)
2.391(2)
180.00(0)
90.64(4)
Cr-Cl(1)
Cr-Cl(2)
Cl(1)-Cr-Cl(1) 
Cl(1)-Cr-Cl(2)
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Fig. 3.17 THE ONE DIMENSIONAL CHAINS OF 
FOUND IN THE STRUCTURE OF [CgH
[CrCl3l“ 
5NH3] [CrCl3l
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Fig. 3.18 THE ONE DIMENSIONAL CHAINS OF
SEPARATED BY ANILINIUM CATIONS
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3.4.5.3 Structures for other Antiferromagnetic and Paramagnetic
Tetrahalogenochromates(II)
Single crystals of the antiferromagnetic bis(anilinium) 
tetrahalochromates(II) [PI1NH3 ]2 [CrClxBr4_x] (x = 0,2) have been 
submitted for X-ray structure determination but no results are 
available. However, from magnetic and spectral evidence halide- 
bridged distorted octahedral structures such as (A) and (B) in 
Figure 3.19 may be tentatively proposed for the antiferromagnetic 
tetrahalochromates(II) generally.
The properties of the o-methylanilinium salts [o-
ch3c6H4NH332[CrC1xBr4-x(CH3C02H)] (x = 4,3,2),
[o-CH3C6H4NH3 ]2 [CrClxBr4_x(C2H5C0 2H)] (x = 4,1,0) and
[o-CH3CgH4NH3 ]2 [CrCl4 (THF)] suggest that these compounds are
monomeric and the chromium(ll) may be five coordinate
(Fig. 3.20). The magnetic behaviour is temperature independent
so this seems to rule out halo-bridged dimeric or polymeric
structures, and from the reflectance spectrum the square
pyramidal structure is preferred.
-136-
X X
'  Cr
X
Cr
X
'X
. X
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CHAPTER 4
HALIDE ADDUCTS OF TETRAKIS(ACETATO)DICHROMIUM(II)
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4.1 INTRODUCTION
Interest in the chemistry of dinuclear chromium(ll) compounds 
containing Cr-Cr quadruple bonds continues unabated on account of 
their abnormal magnetic moments and interesting structural 
features. Dichromium(II) compounds are unique among metal-metal 
quadruply bonded systems in the range of metal-metal distances 
they display and in the tendency of the metal atoms in neutral 
molecules to bond axial ligands, particularly when the ligands on
the equatorial sites of the chromium are relatively weak
, 224,225donors. '
The first reported chromium(ll) compound having a dinuclear 
structure is hydrated chromium(ll) acetate discovered by Peligot 
in 1844. It was long recognised as anomalous because it is red 
and almost diamagnetic (the weak paramagnetism is said to be due 
to Cr111 impurities), whereas the mononuclear chromium(ll) 
compounds are blue and strongly paramagnetic.^ Chromium(ll) 
acetate is one of the least soluble and more stable of the 
chromium(ll) compounds; it is an excellent starting material and
o o
is used as a reducing agent. ' The structure of chromium(Il)
? 2 6acetate monohydrate was first determined in 1953 and it is a
dinuclear molecule (Fig. 4.1), with a Cr-Cr distance of 2.64
227However, a reinvestigation by Cotton et al showed the bond to
be considerably shorter (2.362A). The dimeric acetato-bridged
structure (Fig. 4.1) has also been established for the acetates
of Cu(ll), Mo(ll), and Rh(ll); in all these except the Mo(ll)
228complex water or other neutral ligands L can be present The
-138-
structure consists of two metal octahedra with four bridging 
acetate groups which leave one coordination position on each Cr 
atom for coordination with water or L.
Fig. 4.1
Cl!
/
CH
0 0
^  M
CH
CH
M = Cr, Cu, Rh or Mo 
L = H2O or other neutral ligands
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The axial water molecules in the binuclear chromium(ll) acetate 
[Cr2 (CH3CO2 )4 (H2O)2 ] have been replaced by acetic acid2 24 and 
various neutral bases L, e.g. pyridine,^25 pyraz^ne^225 
piperidine, 224 substituted pyridines229 and ammonia. 2 30 They all 
show the same dinuclear structure (Fig. 4.1).
Formate also gives a series of c o m p l e x e s ^ 9 '231-232 t^e type
Cr2 (HCC>2 )4L2 (L = piperidine, pyridine, substituted pyridines, 
acetonitrile, urea, methanol, THF or 0.5 dioxan) and 
[Cr2 (HCO2 )4 (H2O)2 ]3 •IOH2O. These complexes are almost
diamagnetic with most room temperature magnetic moments in the 
range 0.4-0. 8 B.M., although some are higher.
2 3 4 0 3 c
Larkworthy et al prepare<3 the first dichromium carboxylato
complexes with axially bonded anions [R]2 tCr2(CH3CO2 (NCS)2 ] (R
= Me4N, Et4N), and [Et4N] 2 1^2 (C2H5CO2 (NCS) 2 ], and found that
they were almost diamagnetic with magnetic moments of 0 . 6  to 0 . 8
B.M. at room temperature which decreased on lowering the
temperature to 0.1 to 0.4 B.M. at ca 90°K. X-ray
23 5crystallographic studies on [Et4N] 2 £ ^ 2 (021*5 0 0 2) 4 (NCS) 2} show
/ 0.that the Cr-Cr separation (2.467 A) m  the dinuclear anion is one 
of the longest known.
64Recently, Cotton et al reported adducts of
tetrakis(triphenylacetato)dichromium(II) with benzene, pyridine, 
diethylether, pyrazine and tetrahydrofuran, and single crystal 
studies show that the first three adducts have the familiar
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diacetato-bridged type structure (Fig. 4.1) with Cr-Cr distances 
in the range 2.256-2.383 A.
Only one report is available2 3 6 on carboxylato-bridged 
dichromium(II) complexes with halides as axial ligands of the 
general formula [Cr2 (02CCH2NH3 )4X2 ]X2 .nH20 (X = Br, n=4; X = Cl, 
n=3). Both compounds contain centrosymmetric [Cr2 (0 2CCH2NH3 )4]4+
cations of approximate D4^ symmetry, with Cr-Cr bond lengths of
o o
2.513 A (X = Br) and 2.524 A (X = Cl), and halide ions occupying
o
the two axial positions. The long Cr-X distances 2.736 A (Cr-Br) 
and 2.581 A (Cr-Cl) indicate very weak bonds for the bromide and 
chloride. Additional halide ions reside in general positions in 
the crystal lattices, along with two independent water molecules. 
These water molecules in conjunction with the terminal NH2+ group 
on each glycine molecule form a tight hydrogen-bonding network 
throughout the crystal lattices.
The present work is concerned with the synthesis of new 
tetraacetato-bridged complexes of dichromium(II) containing
halides as axial ligands. Therefore, the previously known 
tetraacetato-bridged dichromium(II) complexes containing
quadruple bonds are listed along with their magnetic moments, 
reflectance spectra and Cr-Cr bond lengths in Table 4.1.
In recent times, numerous other carboxylato bridged compounds 
[Cr2 (RC02 ) 4 (L)2] with the acetate structure (Fig. 4.1) have been
p . .
reported . In every case the dinuclear unit has a ligand L lying 
at moderate distances (2.22-2.44 &) along the Cr-Cr axis. No 
carboxylates without axial ligands are known. In those without
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TABLE 4,1
Known Tetraacetato-bridged Complexes of Dichromium (II)
Compound ^ e f f )
RT LNT 
^300°K v90°K
Cr-Cr bond 
length (A)
Reflectance
spectra
band
positions
(cm-1)
Ref
[Cr2 (CH3CO2 )4] - 2.280 - 237
[Cr2 (CH3C02 )4 (L)n]
n=2, L=H20 0.5 2.362 21000bf 30000 153
227
247
n=2, L=CH3C02H 0.5 2.300 224
229
n=2, L=py - 2.369 - 225
n=l, L=pipz - - 2.295 - 225
n=2, L=piperidine 0.48 2.342 — 224
229
n=2, L=4-cyano- 
pyridine
2.317 238
238
n=2, L=a-picoline 0.61 — u. 229
n=2, L=NH3 0.56 0.26 19500,29000
37000
230
[Me4N]2 [Cr2- 0.64 0.12 - 1900b,24700, 
28600,34800
235
(ch3co2 )4 (ncs)2]
[Et4N]2 [Cr2-
(ch3co2 )4 (ncs)2]
0.80 0.43 — 18700b,24900 
28700,35300
234
235
[Et4N]2 [Cr2 (C2H5-
C02H)4 (NCS)2]a
0.74 0.19 2.467 18500b,24900,
29000,33800
35300
235
a = contains propionato groups.
b = corresponds to band 1
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additional ligands, the [C^fRCC^)^] molecules serve as axial
ligands to one another, resulting in intermolecular bridges in 
2?7the crystals . In all these cases the Cr-Cr bond lengths are
o
m  the range 2.28-2.54 A. Within the past few years a number of
new dinuclear chromium(ll) compounds without axial ligands have
7 o*3q 040been discovered m  which the Cr-Cr bonds are
extraordinarily short (1.828-1.980 A) and designated supershort. 
In these compounds the ligands sterically block the axial 
positions.
2Extensive crystallographic investigations demonstrate that the 
length of the Cr-Cr quadruple bond is primarily dependent upon 
whether axial ligands are present, and if so, upon their nature 
and number. This is apparent from a comparison of Cr-Cr 
separations found for different dinuclear chromium(ll) complexes 
with axial^^' 225,235 an(j without axial ligands .-^39,241-244
There is considerable variation of Cr-Cr bond length within the
tetracarboxylate series mainly dependent upon the donor ability
2of the axial ligands, which donate electron density into the dz
O ie 0dz '0 antibonding orbital. Since the <3Z orbital is the 
principal contributor to the Cr-Cr 0-bond, which is the strongest 
component of the quadruple bond, the bond will be weakened. 
Thus, we expect an inverse relationship between the strengths of 
Cr-axial bonds and Cr-Cr bonds, so that the shorter the M-axial 
distance the longer will be the M-M distance. The effect should 
be greater with more strongly donating (basic) ligands.^
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9 94 9 9 9The recent w o r k ^ * ' ^  on the determination of Cr-Cr bond lengths 
in a large number of [C^CRCC^^CL^] species and the application 
of the molecular orbital method supports the existence of a 
quadruple bond in the ground state of these molecules. The great 
sensitivity of the Cr-Cr quadruple bond to ligands has also been 
elucidated by various molecular orbital calculations.^36, 245, 246
Usually these complexes show nearly diamagnetic (weakly
paramagnetic) behaviour at room temperature. 229, 230, 234, 235 Thi-g
is due to pairing of electrons in the four bonding molecular
orbitals derived from the 3d atomic orbitals of each metal ion in
the formation of the metal-metal quadruple bond. It is generally
believed that the small magnetic moment values are due to
chromium(III) impurities (from ESR measurments) arising from
inadvertent aerial oxidation. However, the temperature variation
of susceptibility of several carefully isolated^^' compounds
has been suggested to arise from strong antiferromagnetic
interaction in the dinuclear structures, and the presence of ca.
0.7% or less of chromium(III) impurities * ^ 30, 234, 235 It aiso
suggested that at least in the carboxylates with the longest
Cr-Cr separations the paramagnetism is genuine. The formate
232crystallises with a proportion of mononuclear chromium(ll) and
42forms a blue paramagnetic species on dehydration.
The electronic structure of carboxylato-bridged dinuclear metal 
complexes has been the subject of numerous theoretical and 
experimental studies*^47 M0re recently interest has been centred
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on the dinuclear chromium(II) compounds and several spectral 
studies of these systems have appeared.247,248
Diffuse reflectance spectra of several dichromium(II) compounds
(Table 4.1) have been reported*230,234,235 A detailed
. 247analysis of the low temperature polarized single crystal
absorption of [C^C 0113002)4 (1120) 2 ] has assigned the two 
absorption bands at 21000 and 30000 cm” 1 to 6 —  ^tt* and charge 
transfer transitions respectively. The powder reflectance 
spectra of several dinuclear chromium(ll) species show the same 
general features as the acetate spectrum and the same 
assignments have been made.234,235,249
4.2 Aim of Present Work
During the preparations of the tetrahalogenochromates(II) from
acetic acid (Chapter 3) it was noticed that dark purple or red
crystals, differently coloured from the main products, separated
from the filtrates. These, from initial analytical, ir, and
magnetic results appeared to be new halide adducts of the
dinuclear acetate. Because of the current interest in this class
of compounds they were investigated further, but obtained
TTdirectly from Cr acetate.
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4.3 EXPERIMENTAL
All preparations were carried out under nitrogen and all 
compounds are somewhat stable in air. They changed to dark 
violet in 24 hours.
1) Preparation of tetra-ammonium tetra-y-acetatodichloro-
dichromate(II) dichloride
Ammonium chloride (0.6 g, 0.011 mole) was placed on the sinter of 
the crystallisation apparatus (Fig. 2.10) and extracted as in 1, 
Chapter 3 by boiling glacial acetic acid (150 cm ) containing
anhydrous chromium(ll) acetate (1.82 g, 0.0050 mole). The dark
purple compound, which is almost insoluble in glacial acetic
acid, separated immediately. After all the ammonium chloride had 
been extracted the mixture was refluxed for 30 minutes and then 
allowed to cool. The solid was filtered off, washed with glacial
acetic acid and dried at room temperature for 6 hours under
vacuum (yield = 70%).
Calculated for £ H N C!1 Cr
c8H20N4°8CL4Cr2 17.34; 5.09; 10.10; 25.59; 18.72%
Found 17.78; 5.21; 9.96; 25.00; 18.10%
2) Tetra-ammonium tetra-m~acetatodibromodichromate(ll) dibromide
Ammonium bromide (1.74 g, 0.0177 mole) was extracted as in 1,
Chapter 3 by boiling glacial acetic acid (150 cm ) containing
anhydrous chromium(ll) acetate (1.51 g, 0.0044 mole). The dark
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purple compound which separated immediately was filtered off,
washed with glacial acetic acid (50 cm3) and dried at room 
temperature for 5 hours under vacuum (yield = 75%).
Calculated for C! H N Br Cr
C8H20N4°8Br4Cr2 13.13; 3.85; 7.65; 43.66; 14.21%
Found 13.67; 3.92; 8.31; 43.20; 14.00%
3) Bis(guanidinium) tetra-n-acetatodichlorodichromate(II)
Anhydrous chromium(ll) acetate (2.39 g, 0.0070 mole) was 
suspended in glacial acetic acid (100 cm ) . To this was added
guanidinium chloride (1.30 g, 0.0014 mole). The reaction mixture 
was refluxed for one hour after which a purple compound appeared.
3
This was filtered off, washed with glacial acetic acid (50 cm ) 
and dried at room temperature for 5 hours under vacuum (yield = 
65%).
Calculated for C H H
C10H24N6°8C1 2Cr2 ■ 22 .61; 4. 55; ' 15.81; 13 .34 ;' 19.58%
Found 22.65; 4.53; 15.56; 13.24; 19.35%
4) Bis(piperazinium) tetra-ii-acetatodichlorodichromate(II) 
dichloride
Anhydrous chromium(ll) acetate (2.00 g, 0.0059 mole) was 
dissolved in glacial acetic acid (150 cm ) . To this was added 
the piperazinium dihydrochloride (1.00 g, 0.0062 mole). The
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reaction mixture was refluxed for 3 hours and the light red 
compound which separated was filtered off, washed with glacial 
acetic acid (50 cm ) and finally dried under vacuum at room 
temperature for 5 hours (yield = 60%).
Calculated for C H N Cl Cr
c16H36N4°8cl4Cr2 29.19; 5.51; 8.50; 21.54; 15.80%
Found 31.36; 6.12; 8.65; 20.90; 15.00%
5) Bis(pyridinium) tetra-y-acetatodichlorodichromate(II)
Anhydrous chromium(ll) acetate (2.30 g, 0.0067 mole) was
dissolved in glacial acetic acid (50 cm ). To this was added the 
pyridinium chloride (3.70 g, 0.0320 mole). The reaction mixture 
was refluxed for 30 minutes and the dark purple compound which 
separated immediately was filtered off, washed with glacial 
acetic acid and dried at room temperature for 10 hours under
C H N Cl Cr
37.84; 4.23; 4.90; 12.41; 9.10%
38.09; 4.13; 5.09; 12.30; 9.08%
6 ) Bis(pyridinium) tetra-y-acetatodibromodichromate(II) 
dibromide
Anhydrous chromium(II) acetate (0.50 g, 0.0014 mole) was
O
dissolved in glacial acetic acid (60 cm ), and the pyridinium
vacuum (yield = 70%). 
Calculated for
C18H24N2°8C12Cr2
Found
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bromide (0.90 g, 0.0056 mole) was added. The purple compound
which separated immediately was redissolved by heating and the
dark red solution was allowed to cool. Dark purple crystals 
appeared. These were filtered off, washed with glacial' acetic 
acid and dried under vacuum at room temperature for 5 hours 
(yield =72%).
Calculated for C H N Cr
C28H36N4°8Br4Cr2 34.31? 3.70; 5.71; 32.60; 10.61%
Found 33.35; 3.76; 4.65; 32.10; 10.58%
7) Tetrakis(anilinium) tetra-y-acetatodichlorodichromate(II)- 
dichloride 
Method A
Anhydrous chromium(Il) acetate (0.73 g, 0.0021 mole) was
dissolved in glacial acetic acid (50 cm^). To this was added the 
anilinium chloride (1.00 g, 0.0077 mole). The reaction mixture 
was heated until all solid had dissolved. Dark red crystals 
obtained from the reddish brown solution on cooling were filtered 
off, washed with glacial acetic acid (30 cm^) and dried under 
vacuum at room temperature for 5 hours (yield = 70%).
Calculated for C H N Cl Cr
C32H44N4°8C14Cr2
Found
44.77; 5.16; 6.52; 16.52; 12.11% 
45.21; 5.31; 6.77; 16.32; 12.00%
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Method B
The reddish brown filtrate obtained from the preparation (18) of 
bis(anilinium) tetrachlorochromate(II) (Chapter 3) was allowed to 
stand. After a few days dark red crystals appeared which were 
filtered off, washed with glacial acetic acid (25 cm^) and dried 
under vacuum at room temperature for 6 hours (yield = 2 0%).
Calculated for C H N Cr
C32H44N4°8C14Cr2 44.77; 5.16; 6.52; 12.11%
Found 44.72; 5.17; 6.35; 12.50%
8 ) Tetrakis(anilinium) tetra-y-acetatodibromodichromate(II)- 
dibromide
Anhydrous chromium(ll) acetate (1.95 g, 0.0057 mole) was 
dissolved in glacial acetic acid (150 cm ) . To this was added 
the anilinium bromide (2.00 g, 0.0115 mole) and the reaction 
mixture was refluxed for 30 minutes. The red compound separated 
immediately and was redissolved by heating. The solution was 
then allowed to cool slowly. The dark red crystals obtained 
were filtered off, washed with glacial acetic acid (50 cm ) and
dried under vacuum at room temperature for 6 hours (yield = 80%).
Calculated for C H N Br Cr
C32H44N4°8Br4Cr2
Found
37.09; 4.28; 5.40; 30.84; 10.03% 
37.92; 4.44; 5.75; 30.31; 10.00%
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9) Tetrakis(benzylammoniinn) tetra-y-acetatodichloro-
dichromate(II) dichloride
The reddish brown filtrate obtained from the preparation (19) of 
bis(benzylammonium) tetrachlorochromate(II) (Chapter 3) was 
concentrated and then allowed to stand. After a few days brick 
red crystals appeared which were filtered off* washed with 
glacial acetic acid (25 cm ) and dried under vacuum at room 
temperature for 6 hours (yield = 30%).
Calculated for _C H N jCl Cr
c32H52N408C14Cr2 47.27; 5.73; 6.12; 15.50; 11.37%
Found 47.16; 5.72; 5.62; 15.00; 11.23%
10) Tetrakis(benzylannnonium) tetra-y-acetatodibromo- 
dichromate(II) dibromide
Anhydrous chromium(ll) acetate (1.65 g, 0.0048 mole) was
O
suspended in glacial acetic acid (125 cm ) . To this was added 
the benzylammonium bromide (1.82 g, 0.0097 mole). A red compound 
separated immediately. This was redissolved by heating and the 
solution was allowed to cool slowly. The dark red crystals which 
appeared were filtered off, washed with glacial acetic acid 
(50 cm ) and dried under vacuum at room temperature for 6 hours 
(yield = 70%).
Calculated for C H N Br Cr
c36H52N4°8Br4Cr2 39.58; 4.79; 5.12; 29.25; 9.52%
Found 39.83; 4.89; 5.33; 29.15; 9.25%
11) Tetrakis(N-me thy lphenethyl ammonium) tetra-y-acetato-
dichlorodichromate(II) dichloride
N-methylphenethylammonium chloride (2.60 g, 0.0151 mole) was
extracted as in lf Chapter 3 by boiling glacial acetic acid
O
( 1 0 0 cm°) containing anhydrous chromium(ll) chloride (0.92 g,
0.0074 mole). The reddish-brown solution obtained was
concentrated to dryness and the resulting purple solid was shaken 
with acetone. Finally, the compound was filtered off and dried 
under vacuum at room temperature for 6 hours (yield = 60%).
Calculated for C H N jCl Cr
51.46; 6.67; 5.45; 13.81; 10.13%
50.08; 6.82; 5.72; 13.23; 10.08%
c32H44N4°8cl4Cr2
Found
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12) Other Preparative Studies
Attempts to prepare the compounds in Table 4.2 were unsuccessful. 
As can be seen the microanalytical results are unsatisfactory.
Table 4.2 
Compounds with Microanalyses(%)
Compound C H N
[CH3NH3 ]4 [Cr2 (CH3C02 )4C12 ]Cl2 30.86 4.29 0 . 0 0
Red (25.82) (6.50) (10.03)
t C2% N H 3 ] 4 1 Cr2 (CH3C0 2) 4C1 2 ] cl2 31.46 4.55 0.70
Red (28.84) (6.65) (8.40)
[o-CH3C6H4NH3 ]4 [Cr2 (CH3C02 )4 C12 ]Cl2 31.85 4.60 0 . 0 0
Red (47.27) (5.73) (6 .1 2 )
[NH4 ]4 [Cr2 (CH3C02 )4C12 1Br2 13.26 4.52 9.33
Red (14.87) (4.37) (8 .6 6 )
Calculated values are shown in parenthesis.
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4.4 RESULTS AND DISCUSSION
4.4.1 Magnetic Properties
The temperature dependence of the molar susceptibilities (XA) and 
magnetic moments (neff) is shown in Table 4.3 and plotted for 
typical complexes in Figures 4.2-4.3. All are weakly
paramagnetic having magnetic moments in the range 0.59-1.35 B.M. 
at room temperature which decrease slightly to 0.42-0.89 B.M. at 
ca. 90°K, as reported for several dinuclear chromium(II) 
compounds. 2 2 9 - 2 3 0 ' 2 3 4 ' 235
Owing to the difficulty in preventing oxidation it has been 
uncertain whether the weak paramagnetism is inherent or arises 
from traces of chromium(III) impurities. The molar
susceptibility values (xA) for these compounds increase 
significantly on lowering the temperature except for 
[PyH]2 [Cr2 (CH3CO2 )4Br2 ] for which X A decreases. An increase in 
XA is similarly found with [Cr2 (CH3C0 2 )4 (H2 0 ) 2 ] 153 and some other
•y o a p 3 c
dichromium(II) complexes, ' and is due to the presence of
small amounts of chromium(III) impurities. The decrease in the
XA values with temperature for [PyHyc^ (CH3CO2 ) 4Br2] is in
contrast to the behaviour of the other compounds reported in this
work. This can be explained by assuming that strong
23 5antiferromagnetic interaction leads to the weak paramagnetism, 
but the presence of traces of chromium(III) impurities masks the 
true behaviour of the other complexes.
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TABLE 4.3
g
Magnetic Susceptibility Data of Halide Adducts of 
Tetrakis(Acetato)Dichromju m (II)
Compound T(°K) * A  
x 10
i/XA
6 x 1 0”
y eff 
3 (B.M.)
[NH4 ]2 [Cr(CH3C02 )2C12 ] 295 780 1.282 1.35
263 792 1.262 1.29
230 784 1.275 1 . 2 0
198 826 1 . 2 1 0 1.14
165 869 1.150 1.07
136 932 1.073 1 . 0 0
104 1030 0.970 0.92
89 1116 0.896 0.89
Diamagnetic correction: -122 x 1 0 ” 6 c.g.s. units per :mole
[NHa]2 [Cr(CH3C02 )2Br2] 295 157 6.369 0.60
263 187 5.347 0.62
230 213 4.694 0.62
198 244 4.098 0.62
165 266 3.759 0.59
136 300 3.333 0.57
104 300 3.333 0.50
89 347 2.881 0.49
Diamagnetic correction: -143 x 1 0 “ 6 c.g.s. units per mole
[C(NH2 )3 ][Cr(CH3C02 )2Cl] 295 149 6.711 0.59
264 149 6.711 0.56
230 195 5.128 0.59
196 228 4.386 0.59
165 225 4.444 0.54
135 258 3.876 0.53
104 276 3.623 0.48
89 314 3.184 0.47
Diamagnetic correction: -109 x 1 0 ” 6 c.g.s. units per mole
[C/Hi2N2 ][Cr(CH2C02 )2C12] 295 192 5.208 0.67
263 169 5.917 0.59
230 186 5.376 0.58
198 157 6.370 0.50
165 190 5.263 0.50
136 227 4.405 0.49
104 288 3.472 0.49
Diamagnetic correction: -157 x 1 0 ” 6 c.g.s. units per mole
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TABLE 4.3 cont.
Compound
T(°K> *A i/XA Veff
x 106 x 10“ 3 (B.M.)
[C5H5NH][Cr(CH3C02 )2Cl]
Diamagnetic correction: -106 x 10 
[C5H5NH]2 [Cr(CH3C02)2Br21
[C6H5NH3 ]2 [Cr(CH3C02 )2Cl2]
[C6H5NH3 ]2 [Cr(CH3C02 )2Br2]
295 308 3.246 0.85
263 284 3.521 0.77
230 291 3.436 0.73
198 306 3.268 0.69
165 320 3.125 0.65
136 359 2.785 0.62
104 402 2.487 0.57
89 431 2.320 0.55
D" 6 c.g .s. units per mole
295 432 2.317 1 . 0 0
263 384 2.604 0.90
230 292 3.424 0.73
198 248 4.030 0.62
165 222 4.500 0.54
136 230 4.350 0.50
104 215 4.651 0.42
) ” 6 c.g,.s. units per mole
295 275 3.636 0.80
263 295 3.389 0.78
231 411 2.433 0.87
198 387 3.584 0.78
165 465 2.150 0.78
136 470 2.127 0.71
104 718 1.392 0.77
89 840 1.190 0.77
>~6 c.g.,s. units per mole
295 436 2.293 1 . 0 1
263 425 2.353 0.94
230 384 2.604 0.84
198 472 2.118 0 . 8 6
165 490 2.041 0.80
136 490 2.040 0.73
104 549 1.821 0.67
89 621 1.610 0 . 6 6
- 6  _ _ c.g. s. units per mole
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TABLE 4.3 cont.
Compound T(°K) xA ;
<XNH yeff
x 1 0 6 x 1 0"3 (B.M.)
[C6H5CH2NH3 ]2 [Cr(CH3CO2 )2C12 ] 295.5 218 4.589 0.71
263.5 213 4.683 0.67
230.5 231 4.329 0.65
197.5 227 4.412 0.60
167 235 4.249 0.56
136 227 4.412 0.49
105.5 292 3.425 0.49
90 331 3.017 0.48
— 6Diamagnetic correction: -205 x 10 c.g. s. units per mole
[C6H5CH2NH3 ]2 [Cr(CH3C02 )2Br2] 295 271 3.690 0.80
263 248 4.032 0.72
230 239 4.184 0 . 6 6
198 386 2.590 0.78
165 311 3.215 0.64
136 383 2.610 0.64
104 324 3.086 0.52
89 363 2.754 0.50
Diamagnetic correction: -226 x 10 c.g. s. units per mole
[C6H5 (CH2 )2NH2 (CH3)]2- 295 393 2.544 0.96
262.5 427 2.342 0.94
[Cr(CH3C02 )2Cl2] 231 503 1.988 0.96
198.5 455 2.198 0.85
166 489 2.045 0.80
136 586 1.706 0.79
104 641 1.560 0.73
90 683 1.464 0.70
—  6Diamagnetic correction: -248 x 10 c.g.s. units per mole
a = Magnetic results calculated for one chromium atom and
empirical formulae given in Table and Figures 4.2 and 4.3.
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4.4.2 Reflectance Spectra
The reflectance spectra for the halide adducts of 
tetrakis(acetato)dichromium (II) are given in Table 4.4 and some 
examples of spectra are reproduced in Figures 4.4-4.5. The 
reflectance spectra are complicated due to the presence of the 
quadruple metal-metal bond and assignment of the various bands is 
difficult. The electronic spectrum of chromium(II) acetate has
947-94Rbeen discussed qualitatively. ' It showed two bands at
approximately 21000 cm- 1  (band I) and 30000 cm--*- (band II) . Band 
I has been assigned to the 6 —>tt transition of the binuclear
system intensified by vibronic coupling and band II to charge- 
transfer from a nonbonding tt-orbital of the carboxylate ligand to 
the tt metal orbital. It has also been observed that the 
frequencies of these bands in a limited series of quadruply 
bonded dichromium(II) complexes decrease linearly with increasing 
Cr-Cr separation.
The reflectance spectra of the complexes reported in this 
Chapter (Table 4.4) mostly contain one band in the region 19230- 
21050 cm“* which is very similar to band I of the other dinuclear 
chromium(ll) complexes (Table 4.1) and can be similarly 
assigned.230,234,235 However, this band is similar in position 
as compared to [ ^ 2 (0^ 0 0 2 )4 (1*2 0 )2 ] and higher as compared to
the amine and isothiocyanato adducts of chromium(II)
acetate. ' This may be due similar Cr-Cr separations as
0
compared to chromium(II) acetate (2.36 A) and shorter Cr-Cr
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TABLE 4.4
Reflectance Spectra of Halide Adducts of 
Tetrakis(Acetato)dichrom iu m (II)
Compound Colour Band Positions 
in cm'_1 (nra)
[NH4 ]4 [Cr2 (CH3C02 )4C12 ]Cl2 
[NH4 ]4 [Cr2 (CH3C02 )4Br2 ]Br2 
[C(NH2 )3 ]2 [Cr2 (CH3C02 )4Cl2] 
[C14H12N2]2 t Cr2 (CH3C02 )4C12 ]Cl2 
[C5H5NH]2 [Cr2 (CH3C02 )4C12]
[C5H5NH]4 [Cr2 (CH3C02 )4Br2 ]Br2 
[C6H5NH3 ]4 [Cr2 (CH3C02 )4Cl2 ]Cl2 
[C6H5NH3 ]4 [Cr2 (CH3C02 )4Br2 ]Br2 
[C6H5CH2NH3 ]4 [Cr2 (CH3C02 )4C12]- 
Clo
Dark purple 
Dark purple 
Purple 
Light red 
Dark purple 
Dark purple 
Dark red 
Red
Brick red
[C6H5CH2NH334 [Cr2 (CH3C02 )4Br2 3- Dark red 
Br0
[C6H5(CH2)2NH2(CH3)]4[Cr2(CH3-
C02)4C12]C12
[Cr2(CH3C02)4]a
Purple
Reddish
orange
19420(515)sfbr 
19430(517)s,br 
20200(495)s fbr 
21050(475)s,br 
20000(500)v,br 
20000(500)s,br 
20000(500)br 
20830(480)br 
20830(480)s,br
21050(475)s,br
19230(520)br
22220 (450)s,br
a = used as starting material
AB
SO
RB
AN
CE
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B
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E
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Fig. 4.4
1 .
[C6H5CH2NH3]A[Cr2(CH3COO)ACl2]Cl
0.5
0
1200600 900350
nm
.0
[CfiH CH9NH,]/[Cr9(CHaOOO)/Br0]Br
.5
0
350 600 900 1200
nm
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Fig. 4,5
[C(NH9)-]9[Cr9(CH,COO)/Cl0]
can 5 
06 O toCQ
0
350 600 900 1200
nm
.0
0.5
1200900600350
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o
separations than in the isothiocyanato adducts (2.467 A). The 
attachment of a negatively charged halide ligand would be 
expected to lengthen the Cr-Cr bond through donation of electron
O *density into the dz 0 antibonding orbital. Unfortunately, 
crystallographic data are not available.
4.4.3 Infrared Spectra
The important i.r. spectral bands of halide adducts of 
tetrakis(acetato)dichromium(lI) are assigned as shown in Table
4.5 and some far i.r. spectra are reproduced in Figures 4.6-4.7.
Extensive infrared studies have been made on various 
2 50— 252complexes and the carboxylate group can coordinate as
below. 253
M— 0
c-ch 3 C— CH
(I) (II) (III)
The effect of metal ion on the O-C-O stretching frequencies may 
be different for each structure mentioned above. In carboxylato 
complexes, the symmetrical O-C-O stretching frequency (v )^ and 
asymmetrical O-C-O stretching frequency (v2  ^ are important, since
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their position and separation (Av = - v can help in
determining the type of bonding to the metal.250,251,254
In the acetate ion, the two C-0 bonds are equivalent and ^ 2  anc^
frequencies appear at ca. 1570 and 1435 cm”-1- respectively.
In bidentate coordination (II) the bonding of the carboxyl oxygen
to the same metal ion causes the O-C-O angle to decrease in
comparison with that in the acetate ion. Consequently, \>2 
254 255decreases. ' On the other hand, bridging coordination is
supposed to increase the O-C-O angle resulting in a subsequent 
increase in the x^ . 2 5 -*-'2 55 Parashar and Rai25  ^have studied the
i.r. spectra of chromium(III) carboxylato complexes and found 
that the difference ( \>2 - v-^) is of the order of 180-170 cm”-*- and 
proposed the bridging structure (ill).
In the spectra of dinuclear complexes, reported in this Chapter, 
the V 2 band appears at ca. 1600 cm"^, higher than for free 
acetate ion,^ indicating bridging coordination (III) of the 
acetate ion to the chromium( II), This is also observed for
other acetato bridged complexes5 ^ - ' 2 3 ® ' 2 5 ^ ' 2 5 3 and is fully 
consistent with the structures2 2 * ^ '2 3 5 determined by X-ray 
analysis. However, the lower frequency (v^ ) band could not be 
assigned since nujol also gives the peak in the same region.
Bands in the region 390-400 cm”*- can be assigned to v (m -O). The 
v(M-X) stretching vibrations would be expected in the region 250- 
300 cm”*-, but in all complexes these bands are obscured by very 
sharp bands which appear in the spectrum of the anhydrous 
chromium(II) acetate in this region.
-165-
TABLE 4.5
Important I.R. Bands of Halide Adducts of Tetrakis(acetato)-
Dichrornate(IIT
Compound v(c-0 2 )asym v(Cr-O)
[NH4 ]4 [Cr2 (CH3C0 2 )4Cl2 ]Cl2 1580s 390s
[NH4 ]4 [Cr2 (CH3C02 )4Br2 lBr2 1580s 390s
[C(NH2 )3 ]2 [Cr2 (CH3C0 2 )4Cl2 ] 1580s 390s
[C14H12N2 ][Cr2 (CH3C02 )4Cl2 ]Cl2 1590 s 390s
[C5H5NH]2 [Cr2 (CH3C02)4C121 1590s 390s
[C5H5NH]4 [Cr2 (CH3C02 )4Br2 ]Br2 1588s 390s
[C6H5NH3 ]4 [Cr2 (CH3C02 )4C12 ]Cl2 1598s 390s
[C6H5NH3 ]4 [Cr2 (CH3C02 )4Br2 ]Br2 1585s 390s
[C6H5CH2NH3 ]4 [Cr2 (CH3C02 )4C12 ]Cl2 1590s 400s
[C6H5CH2NH3 ]4 [Cr2 (CH3C02 )4Br2 ]Br2 1580s 400s
[C6H5 (CH2 )2nh2(CH3)]4 [Cr2 (CH3- 1597s 395s
C0 2 )4C1 2 ^ C12
[Cr2 (CH3C02)4]a 1570s
.
a = used as starting material
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Fiq. 4.6
[C(NH2)3]2(Cr2(CH3COO)ACl2J
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A 00 
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Fig. 4.7
[CAH.CH0NH_]/[Cr0(CH_COO)/Cl0JCl
600 400 200
- 1cm
[CaH4.CH0NH„]/ [Cro(CH.,C00)/ Br0 ] Br ~ \
 C H X H 0NH0Br
600 400 200
c m
- 1
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4.4.4 Structure
On the basis of magnetic and spectral studies, the structure A 
and B in Fig. 4.8 may be proposed for the halide adducts of 
tetrakis(acetato)dichromium (II).
[A]
Fig. 4.8 (A)
CH
✓
CH,.
0 0
Cr
CH
C
CH
(A = NH4, C6H5NH3, C6H5CH2NH3, X = Cl or Br;
A = 0.5C4H12n2' g6H5(CH2)2NH2(CH3) ' X = C1; A = C5H5NH«- x = Br-
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Fiq. 4,8 (B)
CH
[A]
CH
0 0
Cr
Cr
CH
CH.
A = C ( N H 2 )3 , C 5H 5NH (X = Cl)
CHAPTER 5
TERTIARY DIPHOSPHINE COMPLEXES OF CHROMIUM(II)
-170-
5.1 INTRODUCTION
There are few areas of inorganic chemistry in which research 
activity is as great as the study of transition-metal complexes 
that contain phosphine ligands.259-260 The large atomic radii 
and the relatively electropositive nature of low-valent early 
transition elements suggest that electron donating phosphines
CO
should serve as good ligating groups and behave as versatile 
chelating agents which form a wide variety of metal complexes 
particularly of the early first row transition 
metals. 6 6 ' 9 9 ' 2 6 1 ' 2 6 4
In recent years chromium complexes with diphosphines have been of 
great interest. A large number of chromium complexes with 1,2- 
bis(dimethylphosphino)ethane (dmpe) in oxidation states 0 to IV
c i c o o c i p c c
have been reported. ' ' '  Syntheses are summarised m
scheme 5.1. The magnetic moments of these complexes (Table 5.1) 
show that they are low spin at room temperature. The somewhat 
higher values (3.30 and 3.10 B.M.) of the acetonitrile compounds 
(Table 5.1) are probably due to a small amount of a chromium(l)
C 1
species detected by e.s.r. spectra.
Polymers of chromium(ll) containing 1,2-bis(diphenyl- 
phosphino)ethane (dppe) and tetramethyldiphosphine have been 
prepared from [CrCl2 (MeCN)2 ] or CrCl2 according to scheme 5.2.
CM
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TABLE 5.1
Magnetic and Structural Data for Chromium(ll) 
Tertiary Diphosphine Complexes
Compound f(b .m .)
RT LNT 
^300°K ^90°K
Cr-P bond 
length(A)
Ref
[CrCl2 (dmpe)2] 2.76 2.365(3)-
2.371(3)
261
262
[CrMe2 (dmpe)2] 2.70 2.342(1)-
2.349(1)
261
262
[CrCl(MeCN)(dmpe)2]- 
BPh4
2.90 62
[Cr(MeCN)2 (dmpe)2]- 
[BPh4 ] 2
2.80 - 62
[Cr(02CCF3 )2 (dmpe)2] _ 2.39(1) 61
[Cr(MeCN)2 (dmpe)2]-
[cf3so3 ] 2
3.30a 2.364(3)-
2.392(3)
61
Cr(EtCN)2 (dmpe) 2 ] - 
[CF3 S° 3 ]2
3.31a 2.359(4)-
2.369(4)
61
[CrH(CO)2 (dmpe)2]“ 
[BPh4]
- - 2.331(4)-
2.364(4)
61
[CrCl2 (dppe)] - - 26€
[CrCl2 (dppe)q.5” 
(Me2CO)]
266
-173-
TABLE 5.1 cont
Compound U eff(B.M.) Cr-P bond Ref
RT LNT length(A)
0j300°K a'90°K
[CrCl2 (dppe)0 5^- - - - 266
(MeCN)2 12
[CrCl2 (Me2PPMe2)] - - - 266
[CrCl2 (dippe) ] 2 5.00 - 2.448(2)-
2.507(2)
63
[CrBr2 (dippe) ] 2 5.00 - - 63
[CrBr2 (dippe)]MeCN 5.00 - - 63
[CrBr2 (dmpe)2] 
[Crl2 (dmpe)2]
2.92
3.04
2.82
2.93
- This
V
work
n
[CrCl2 (depe)2] 2.83 2.83 - ti
[CrBr2 (depe)2] 3.30 3.02 - n
[Crl2 (depe)2] 4.87 2 . 8 6 2.503(1)-
2.533(1)
ii
a Possibly high due to some chromium(l) impurities.^  
b Details in following pages.
-174-
Scheme 5.2
[CrCl2 (MeCN) 2] — — — > [CrCl2 (dppe) Q # 5 (Me2CO) ]n
blue violet
MeCN
[CrCl2 (dppe) 0. 5 (MeCN) 2 ] 2 
in solution
* [CrCl2 (Me2PPMe2)]n 
dark brown
Where I = dppe molten, ca. 150°C, II = dppe, EtOH/Me2CO
III = Me2PPMe2
fi ^Recently Hermes and Girolami reported that the reaction of
chromium(ll) halides with the bulky chelating phosphine
1,2-bis(diisopropylphosphino)ethane (dippe), gives coordinately
unsaturated dimers of the type [CrX2 (dippe) ]n (X = Cl or Br),
which consist of two square-planar chromium centres held together
in pairs by weak asymmetric chloride'bridges to give a distorted
square pyramidal environment to the chromium. These coordinately
unsaturated species are of interest in their own right; they also
serve as excellent starting materials for the investigation of
low valent organometallic complexes of the early first row 
6*3 267metals. ' '  Both compounds are soluble in strongly
coordinating solvents such as acetonitrile and the magnetic
CrCl2 ---
[CrCl2 (dppe) ]n » 
light blue
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moment of 5.0 B.M. in acetonitrile is consistent with the 
presence of a high spin d^ metal centre. Recrystallisation of 
[CrBr2 (dippe)] from acetonitrile yields blue prisms of the adduct 
CrBr2 (dippe).CH3CN. 63
The chromium-phosphorus distances in [CrCl2 (dippe) ] 2 are slightly
o
different, with the shorter Cr-P contact of 2.488(2)A being trans
o
to the semi-bridging chloride and the longer contact of 2.507(2)A 
being trans to the terminal chloride. This difference is small 
but entirely consistent with the different trans influences 
expected. The Cr-P distances in these compounds are also longer 
than those of low-spin chromium(ll) phosphine complexes (Table
o5.1) which range from 2.33-2.39 A.
Magnetic and structural data for previously known diphosphine 
complexes of chromium(ll) and for those prepared in the present 
work are listed in Table 5.1.
5.2 AIM OF WORK
The aim of this work was to prepare some new complexes of 
chromium(ll) halide with tertiary diphosphines, i.e.
1,2-bis(dimethylphosphino)ethane and 1 ,2-bis(diethyl-
phosphino)ethane, and then reduce them to zerovalent species 
which might react with nitrogen and carbon monoxide. 
Unfortunately there was insufficient time to carry out the 
reduction.
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5.3 EXPERIMENTAL
All operations were carried out under nitrogen as described in 
Chapter 2.
1. Bis[1,2-bis(dimethylphosphino)ethane]dibromochromiuin(II)
To a turquoise solution of anhydrous chromium(II) bromide 
(1.20 g, 0.0056 mole) in methanol (50 cm ) was added dmpe 
(1.70 cm3, 0.0113 mole). The solution rapidly developed a green 
colour and after a few minutes a reddish brown solid separated. 
It was filtered off, washed with methanol (20 cm ) and dried 
under vacuum at room temperature for 5 hours. It turned green in 
a few minutes in air (yield = 80%).
Calculated for C H
28.14; 6.29 %
28.20; 6.30 %
2. Bis[1,2-bis(dimethylphosphino)ethane]diiodochromium(II)
Anhydrous chromium(ll) iodide (1.77 g, 0.0058 mole) was dissolved 
in methanol (50 cm ). To the resulting green solution dmpe (1.74 
cm , 0.0145 mole) was added. Reddish purple needles separated
immediately and were filtered off, washed with methanol (30 cm ) 
and dried under vacuum at room temperature for 4 hours. The
c12H32p4CrBr2
Found
-177-
reddish brown compound turned green in a few seconds in air.
(Yield = 70%).
Calculated for C H
C12H32P4CrI2 23.76; 5.28%
Found 23.98; 5.47%
3. Bis[1r 2-bis(diethylphosphino)ethane]dichlorochromium( II)
Chromium(ll) chloride tetrahydrate (2.05 g, 0.0105 mole) was
dissolved in methanol (50 cmJ). To the resulting blue solution
depe (ca. 2 cm , 0.0097 mole) was added. The yellow compound
which separated immediately was filtered off, washed with 
methanol (30 cmJ) and dried under vacuum at room temperature for 
5 hours. It turned black in a few seconds in air. (Yield =
C H
44.86; 9.03 %
44.12; 8.72 %
4. Bis[1,2-bis(diethylphosphino)ethane]dibromochromium(II)
Chromium(II) bromide hexahydrate (2.14 g, 0.0067 mole) was
O
dissolved in methanol (50 cmJ). To this blue solution depe
(2.0 cm°, 0.0095 mole) was added. The orange compound which 
separated immediately was filtered off, washed with methanol (25
80%) .
Calculated for
C20H48P4CrC12
Found
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cm3) and dried under vacuum at room temperature for 4 hours. It 
turned green in a few seconds in air. (Yield = 75%).
Calculated for C H
C20 H48P4CrBr2 38.48; 7.75 %
Found 37.14; 7.96 %
5. Bis[1,2-bis(diethylphosphino)ethane]diiodochromium(II) 
Preparation A
Hydrated chromium(ll) iodide (3.44 g, 0.0087 mole) was dissolved 
in methanol (50 cm ) . To this blue solution depe (4.00 cm , 
0.0094 mole) was added. Purple brown cubic crystals separated 
immediately. These were filtered off, washed with methanol 
(30 cm ) and dried under vacuum at room temperature for 5 hours. 
The compound turned green in a few minutes in air. (Yield =
70%).
Calculated for C: H
C20H48P4CrI2 33.44; 6.73 %
Found 33.69; 6.89 %
Preparation B
Anhydrous chromium(II) iodide (1.07 g, 0.0035 mole) was dissolved
3 3in methanol (50 cm ) . To this was added depe (1.50 cm ,
0.0070 mole). Dark purple brown cubic crystals separated
immediately from the green solution. These were filtered off,
-179-
washed with methanol (30 cm ) and dried under vacuum at room 
temperature for 4 hours. (Yield = 70%).
Calculated for £ li
C20B48P4^r^2 33.44; 6.73 %
Found 35.10; 6.85 %
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5.4 RESULTS AND DISCUSSION 
5.4.1 Magnetic Properties
Magnetic data for all tertiary diphosphine complexes of 
chromium(ll) are included in Tables 5.2 and 5.3. The variation 
of magnetic moments and reciprocal susceptibility with 
temperature for each compound are displayed in Figures 5.1-5.3.
Complexes of the type [CrX2 (dmpe) 2] (X = Br or I) and
[CrX2 (depe) 2] (X = Cl or Br) are low-spin with magnetic moments 
at room temperature ranging between 2.83-3.30 B.M., close to the 
spin-only value of 2.83 B.M. expected for two unpaired electrons. 
Except for [CrCl2 (depe)2], these values decrease slightly on 
lowering the temperature and at 90 °K are in the range 2.82-
3.02 B.M.
The Curie-Weiss law is generally obeyed ( 0 values from 2 to 28°). 
Similar magnetic behaviour has been reported for many low-spin 
chromium(ll) compounds.262,268-270
q 1
Unexpectedly, [Crl2 (depe)2] is high-spin (t 2g^g^ at room 
temperature with a magnetic moment of 4.87 B.M. close to the spin
only value of 4.90 B.M. The moment falls from 4.8 to 2.8 B.M.
corresponding to a change from four to two unpaired electrons, 
very sharply between 165 and 175 °K.
This can also be seen in the plot of 1/XA against temperature 
(Figure 5.3). From experimental data and by assuming temperature 
independent magnetic moments of 4.8 and 2.87 B.M. for the S ,= 2
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and S = 1 spin states, the transition temperature, when both are 
present in equal concentrations, is ca 171 °K. The magnetic
measurements on the first sample of [Crl2 (depe)2] were repeated 
three times to confirm the results. A second sample of 
[Crl2 (depe)2] prepared from anhydrous Crl2 showed the same 
magnetic behaviour. The same results were obtained on cooling or 
heating the samples, (Table 5.3), and the measurements were 
confirmed by Mr. D. G. L. Holt.
The magnetic behaviour is typical of a discontinuous spin 
transition taking place within a narrow temperature range but
from our limited measurements, it does not show hysteresis. The 
value of 3.3 B.M. for the bromo-complex [CrBr2 (depe)2] at 295 °K 
is higher than the values for the. other low-spin complexes
suggesting that a small amount of high spin form may be present
at this temperature. Since [Crl2 (dmpe)2] is low-spin it is clear 
that minor differences in the phosphine ligand markedly affect 
the magnetic behaviour.
Spin transitions are well known for octahedral complexes of metal
ions containing d3, d^ and d^ electronic configurations, 3 7^3 ' 3 ^ 3
but very few examples are available with the d^ 
273 774-configuration. '' Spin state transition has been observed 
between the S = 1 and S = 0 spin states in some d^ complexes, 3 ^ 3 
but [Crl2 (depe)2] is the first clear example of spin-crossover in 
a chromium(II) complex.
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TABLE 5,2
Magnetic Susceptibility Data of Tertiary Diphosphine Complexes
of Chromium(II)
Compound T(°K) X,
x 1 0'
1 /X ,
x 10 -2
yeff
(B.M.)
[CrBr2 (dmpe)2 ] 294.5 3623.65 2.76 2.92
263 4054.05 2.47 2.92
230.5 4615.61 2.17 2.92
197.5 5361.63 1.86 2.91
162.5 6382.28 1.57 2.88
128.5 7812.83 1.28 2.83
98.0 10120.25 0.99 2.82
0 = 11° 87.0 11678.10 0.86 2.85
Diamagnetic correction = -332 x 10~6 c.g.s . units per mole
[Crl2 (dmpe)2] 295 3927 2.546 3.04
263 4287 2.330 3.00
230 4836 2.067 2.98
198 5620 1.779 2.98
165 6630 1.508 2.95
136 8097 1.235 2.96
104 10467 0.955 2.9600tHIICD 89 12078 0.828 2.93
Diamagnetic correction = -360 — fix 10 c.g.s . units per mole
[CrCl2(depe)21 295 3399 2.942 2.83
263 3844 2.601 2.84
231 4375 2.285 2.84
199 5094 1.963 2.84
168 6051 1.652 2.85
137 7481 1.336 2.86
106 9508 1.051 2.84
CD II to O 92 10972 0.911 2.84
Diamagnetic correction1 = -406 — 6x 10 c.g.s . units per mole
[CrBr2(depe)2] 295 4615 2.166 3.30
263.5 5101 1.960 3.27
232.5 5609 1.782 3.23
200 6409 1.560 3.20
168 7472 1.338 3.17
136 8977 1.113 3.12
106 11183 0.894 3.08
CD II to 00 0 90 12716 0.786 3.02
Diamagnetic correction = -427 — fix 10 c.g.s,. units per mole,
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TABLE 5.3
Compound T(°K) * A 
x 1 0 6
1/XA
x 1 0 ” 2
yeff
(B.M.)
[Crl9 (depe)]2a 295 10019 0.998 4.86
263 11007 0.908 4.81
on cooling 230 13007 0.769 4.89
198 14662 0.682 4.81
165 7352 1.360 3.11
136 7880 1.269 2.92
104 9835 1.017 2 . 8 6
89 11467 0.872 2.85
295 10064 0.993 4.87
263 11076 0.902 4.82
on heating 230 12386 0.807 4.77
198 14363 0 .696 4.76
181 15444 0.647 4.73
171 8708 1.148 3.45
165 712 1.404 3.06
136 7650 1.307 2 . 8 8
104 1 0 2 0 2 0.980 2.91
[Crl9 (depe) 295 10056 0.994 4.87
263 11198 0.893 4.85
230 12790 0.782 4.85
on heating 198 14589 0.685 4.80
181 15627 0.640 4.75
175 15817 0.632 4.70
171 10627 0.941 3.81
165 6596 1.516 2.95
136 7876 1.269 2.92
104 10402 0.961 2.94
89 11527 0.867 2 . 8 6
Diamagnetic correctioni = 455 — 6x 10 ° c.g.s. units per mole.
a - preparation (5A) from hydrated Crl2 
b - preparation (5B) from anhydrous Crl2
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Fig. 5.2
3.0
2.0CM
o
X
300200100
3.0
2.0
1.0
vw<D
3.
3.5
3.0 3.0
2.0
CM
O
r—H
x
<X
300200100
CQ
<4-1Q)
3.
T ( °K )
(B
.M
.)
V
V
x 
1
°
-186-
Fia. 5.3
5*0
—
3-0
0-5
30 02 0 010 0
o
T K
-187-
5.4.2 Reflectance Spectra
As mentioned earlier, transition metal complexes with d^ to d*^ 
electron configurations usually form either low spin or high spin 
ground states, depending upon the ligand field strength, A, 
relative to the spin pairing energy, P. Simply we can express 
this as follows:
A(HS) < P < A(LS).
According to ligand field theory, and as first proposed by
9 7c .
Pauling, there should exist a situation in which both
electronic configurations are almost equally favourable and the
Tanabe-Sugano diagram (Fig. 5.4) for the d^ configuration in an
octahedral field shows that there is a value of the field
strength above which the ground term changes from (HS) to
y
S g a s ) 276
-3
The T*j^g ground term is not seriously subject to the Jahn-Teller 
effect'1’^  and the Tanabe-Sugano diagram for the d^ configuration 
suggests that the lowest spin allowed transition will be 
T^g Eg and will occur at relatively high energies.
Low spin chromium(Il) complexes would be expected to exhibit d-d 
spectra very much more complicated than those of the simple high 
spin type and to consist of a group of bands of very similar 
energies. However, in the spectra of low spin complexes bands 
resulting from spin allowed transitions are difficult to resolve 
and in any case, as with most of the known low spin
-188-
Fig. 5.4 TANABE-SUGANO DIAGRAM FOR A d 4 CONFIGURATION
High-spin Low-spin
F ree — -*—  ----   ,■«------------
Ion
Increasing field strength
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complexes^^ ' they are often obscured by charge transfer and 
ligand absorption bands«51>120
The bands observed in the spectra are listed in Table 5.4 and
illustrated in Figures 5.5 and 5.6. Spectra of all low spin
complexes of the type [CrX2 (dmpe) 2 ] (X = Br or I) and
[CrX2 (depe)2 ] (X = Cl or Br) show bands in the region 5700 to
27000 cra"^ . The higher frequency bands are presumably due to
charge transfer and ligand absorption bands. Similar reflectance
spectra have been also reported for many other low-spin
chromium(ll) complexes. ' 2*70' 277 Bands up to 32000 cm"’*’ in
277the electronic spectra of complexes have been assigned.
The reflectance spectrum of the high spin [Crl2 (depe) is 
different. It has a broad asymmetric band (the main band) near 
2 0 0 0 0 cm'"*, and one band at ca. 1 0 0 0 0 cm-  ^ (distortion band). 
This is typical of tetragonally distorted chromium(ll) 
compounds^®. The main band is assigned to superimposed
^B^g—  ^^ B2g and ^Blg ----* 5sg transiti°ns<' an(3 the distortion
band to the ^B^g ’— * ^Alg tz^iisitiqn while the band which appears 
at ca. 28000 cm- 1  can be assigned to metal to ligand charge 
transfer.
5.4.3 Far Infrared Spectra
The bands assigned to Cr-X (X = Cl or Br) stretching vibrations 
are listed in Table 5.5 and reproduced in Figure 5.7. However, 
the Cr-I stretching bands were not observed.
-190-
TABLE 5.4
Reflectance Spectra of Tertiary Diphosphine Complexes of
Chromium(II) at Room Temperature
Compound Band Position in cm"^(nm)
[CrBr2 (dmpe)2 ]
Reddish brown 
[Crl2 (dmpe) 2 1
Reddish brown 
[CrCl2 (depe)2 ] 
Yellow
[CrBr2 (depe)2 ! 
Orange
[Crl2 (depe)2 ]
Purple brown
5750(1740)m, 7936(1262)s, 14930(670)br, 
22470(445)
6580(1520)s, 13330(750)br, 
18180(550)w,br, 27030(370)s,
6670(1500)m, 8550(1170)s, 15270(655)s, 
21500(465)sh, 24390(410)s,
5750(1740)w, 7350(1360)s, 14290(700)br, 
23260(430)shf 25970(385)s
5750(1740)s, 9090(1100)s, 20000(500)vbr, 
28010(357)
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Fig. 5.7
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TABLE 5.5
Far Infrared Spectra (cm"*) of Tertiary Diphosphine Complexes of
Chromium(II)
Compound V(Cr-Cl) V(Cr-Br)
[CrCl2 (depe)2] 335
[CrBr2 (depe)2]
[CrBr2 (dmpe)2]
5.4.4. Determination of Crystal Structure of
Bis[1r 2-bis(diethylphosphino)ethane]diiodochromium(II)
An air sensitive single crystal of approximate dimensions 0.25 x 
0.15 x 0.15 mm was sealed in a Lindemann capillary under nitrogen 
as described in chapter 2. Crystal structure studies were
carried out by Dr. D. C. Povey and Mr. G. W. Smith. The unit
cell dimensions were obtained using accurately centred 
reflections on an Enraf-Nonius CAD4 diffractometer. The
refinement converged at R = 0.035.
The Crystal Data: C2 0H4 8CrI2P4, = 718.31, triclinic, a =
o _
8.960(3), b = 10.75(3), £ = 8.393(5) A, space group = PI,
a = 98.56 (37°), 3 = 104.28 (39°), Y=  96.04 (28), V =
732 .3 (1.2) A3 , Z = 1,.DC = 1.629 g cm"3, F(000) = 358, y( Mo - K a)
= 26.9 cm"1, R = 0.035, Rw = 0.046.
295
295
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The molecular structure of [Crl2 (depe)2] (Figure 5.8) has been 
determined at room temperature. Selected bond lengths and angles
are given in Table 5.6. It has a trans-configuration with Cr-I
o
bond distances of 3.068(0) A and Cr-P distances of 2.503(1) and
2.533(1) A. The Cr-P distances of 2.503(1) and 2.533(1) A are
o o
ca. 0.15 A longer than those reported (2.365-2.371 A) for the
low-spin analogue [CrCl2 (dmpe)21 as might be expected. The
Cr-I distances are comparable with values (ca. 3.10 jJ) found for
0 0 7Qthe long (distortion axis) bonds in ACrl^ and Crl2
Although it has not been possible to determine the structure of
the low spin form, it is reasonable to suppose that the S = 2 to
S= 1 transition will be accompanied by contraction of the metal-
ligand (Cr-I and Cr-P) bonds as found in other spin-state
. • 271-272transitions .
TABLE 5.6
Bond Distances (A) and Bond Angles(°) for [Cr^Cdepe)^] 
with Estimated Standard Deviations in Parentheses
Cr-I 3.068(0)
Cr-P(l) 2.503(1)
Cr-P(2) 2.533(1)
I(l)-Cr-P(l) 85.50(3)
I(1)-Cr-P(2) 88.40(3)
P(1)-Cr-P(2) 80.33(4)
- 196 -
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CHAPTER 6
ACETONITRILE AND TRIPHENYLPHOSPHINE OXIDE COMPLEXES OF
CHROMIUM(II)
-197-
6.1 INTRODUCTION
6.1.1 ACETONITRILE COMPLEXES
The coordination behaviour of acetonitrile towards bivalent
280first-row transition metals is well established.
Manganese(II), iron(II), cobalt(II), nickel(II) and zinc(II) form
complexes of the type [MX2 (MeCN)2 ]. These were generally
prepared either by recrystallisation of the metal halide from
acetonitrile or by reaction of the metal with halogens (CI2 , Br2 '
281 — 284-I2 ) in acetonitrile. These complexes have octahedral
structures with bridging halides except for cobalt(II) and
zinc(II) which form tetrahedral complexes.281-283 iodides of
manganese(II), iron(II), cobalt(II) and nickel(II) with
acetonitrile form complexes of formula Ml2 -3MeCN which have been 
shown to contain octahedral and tetrahedral metal ions as in 
[M(MeCN)g][MI4 ]. Titanium, vanadium and chromium react with 
halogens in the presence of acetonitrile to form addition 
compounds of the type MX 3 .xMeCN.^®^'
A series of copper(ll) complexes with acetonitrile, i.e.
CuX2 .2MeCN (X = Cl, Br), and CuCl2 .2/3CH3CN, has been
reported. The formulae suggest the presence of 
dimeric or polymeric units with halogen bridges and coordinated 
acetonitrile. However, little is known of chromium(ll)
derivatives. Holah and Fackler^®^ prepared [CrX2 (MeCN)2 ] (X = 
Cl, Br or I); the chloride and bromide were obtained by 
crystallisation from solutions of anhydrous or hydrated 
chromium(ll) halides in acetonitrile, and the iodide by Zn-Hg
-198-
reduction of chromium(III) iodide in acetonitrile. The stability 
decreases in the order:
[CrCl2 (MeCN)2] > [CrBr2 (MeCN)21 > [CrI2 (MeCN)2 J.
The iodide was very difficult to study because of its air 
sensitive nature. Room temperature magnetic moments of 4.81 B.M. 
for the chloride and 4.85 B.M. for the bromide have been 
reported, but no low temperature figures. From spectroscopic and 
magnetic susceptibility studies, a halogen-bridged polymeric 
structure similar to that of the corresponding pyridine
OOO Q
complexes has been suggested. However, elsewhere
[CrCl2 (MeCN)2 ] is listed as a distorted tetrahedral complex.
X-ray powder patterns of [CrCl2 (MeCN)2] and [CrBr2 ( M e C N ) a r e
287said to show that the two complexes are not isomorphous. 
Neither pattern resembles those of the two isomorphous 
polymeric [CrX2 (py)2 ] complexes. In addition, blue crystals 
of [Crl2 (MeCN)3H20 have also been prepared^®^ by crystallising 
Crl2 »6H20 from acetonitrile, but were not investigated further 
because of their extreme sensitivity to trace amounts of oxygen.
OQ*7
Attempts to isolate tetrahalogenochromium(II) complexes from
acetonitrile by the addition of tetraethylammonium chloride or
bromide to acetonitrile and/or ethanol solutions of [CrX2 (MeCN)
(X = Cl, Br) have failed although it was stated that [CrX^]^”
289ions were present m  solution. Habeeb et al. have prepared 
[Cr(MeCN)^3(BF^ ) 2 and [Cr(MeCN)g](BF^ ) 2 by electrochemical 
oxidation of the metal anode in the presence of acetonitrile and 
tetrafluoroboric acid. The complex [Cr(MeCN)g](BF^ ) 2 contains
-199-
six-coordinate chromium(II). For [Cr(MeCN)4 ](BF4 )2 , the i.r. 
spectrum of the BF^“ anion shows that there is significant 
distortion from symmetry, and therefore it has been suggested 
that bridging BF4 groups could lead to a six coordinate CrN^F2 
species.
6.1.2 TRIPHENYLPHOSPHINE OXIDE COMPLEXES
Triphenylphosphine oxide forms a number of complexes with first
oqn_OQ7
row transition metals, either by placing a mixture of the
metal salt and triphenylphosphine oxide in absolute ethanol in a 
evacuated desiccator over H2SO4 for several days, or by 
evaporation of the mixture on a steam bath. The majority of 
complexes of bivalent manganese, iron, cobalt, nickel, copper and 
zinc are of the type [MX2 (PI13PO)2 ] (X = Cl, Br or I).290-293 T^e 
magnetic moment and electronic spectra of these complexes 
indicate that they are essentially tetrahedral in structure 
although the copper compounds have anomalies attributable to 
distortion of the tetrahedron. In addition a copper complex 
[CUCI2 (H2O) 2 ] 4PI13PC) has been reported^® and the X-ray crystal
O  Q Q
structure shows that it is an adduct of planar
dichlorodiaquacopper(II) and four triphenylphosphine oxide 
molecules held to the complex unit by hydrogen bonds.
Extension of this work to chromium(ll) has been made mainly by 
Scaife*^ although prior to this, the compounds [CrCl2 (R3PO)3 ] 
(where R = Et, CgHll' Ph) were prepared by Issleib et al.^° The 
compound [CrCl2 (Pl^PO) 3 ] was prepared by heating anhydrous 
chromium(II) chloride with triphenylphosphine oxide in dry
-200-
bromobenzene. However, no magnetic or spectral data for this
*3 7
compound were given. ScaifeJ prepared [CrX2 (Pt^PO) 3 ] (X = Cl, 
Br or I) by heating a mixture of chromium(ll) halide and 
triphenylphosphine oxide in a sealed evacuated pyrex tube at 
various temperatures and then extracting the compound with 
boiling benzene. Two distinct coloured compounds were formed 
from CrB^: a yellow compound by heating the mixture at 120°C for 
40 hours and a green compound by heating the mixture at 180-200°C 
for 10 hours, but these two forms were found to have the same 
composition. [Crl2 (Ph^PO) 3 (THF) 21 has also been prepared^ by 
the reaction of chromium(ll) iodide with triphenylphosphine oxide 
in dry tetrahydrofuran. These complexes are high spin having 
yeff values in the range 4.79-4.88 B.M. and they follow the 
Curie-Weiss law with values of between 8 ° and 34°.
The reflectance spectra of [CrCl2 (Pt^PO) 2 ], [CrB^ (Ph^PO) 3 ] 
(green) and [Crl2 (PI13PO) 2 (THF) 2 ] resemble^' those of
tetragonally-distorted, six-coordinate compounds of chromium(II). 
The X-ray diffraction patterns for these complexes have also been 
described. The patterns of [CrCl2 (Pl^PO) 3 ] and [CrB^ (PI13PO) 3 ] 
(green) closely resemble each other, but are not identical. They
3 7
differ from those of related transition metal compounds and 
from those of [CrB^tPl^PO^] (yellow) and [Cr^fPl^PO^] • The 
spectra of [CrBr2 (Ph3PO)3 ] (yellow) and [Crl2 (Pl^PO)3 ] obviously 
differ from the six coordinate spectra discussed above. However, 
their spectra and powder X-ray diffraction patterns are very
O Q O
similar to those of corresponding [CUX2 (Pl^PO)31 compounds and 
indicate that they have flattened tetrahedral coordination about
-201-
Cr11. Cotton and Wilkinson^ also list [CrI2 (Ph3PO) 3 ] as a 
distorted tetrahedral complex. However, no structures have been 
clearly established for such complexes.
Similar chromium(ll) derivatives with triphenylarsine oxide have 
been reported by Larkworthy and P h i l l i p s . C h r o m i u m ( l l )  
halides and perchlorate reacted with triphenylarsine oxide in
absolute ethanol to give derivatives of the type
[CrCl2 (Ph3AsO)3 ], [CrBr2 (Ph3AsO)4], [Cr(C104 )2 (Ph3AsO)4] which 
were found to be high-spin and obeyed the Curie law. It has been 
reported that the bromide and perchlorate have similar structures 
which differ from the chloride complex which is considered to 
have a chlorine-bridged tetragonal structure.
6.2 AIM OF WORK
The main aim of this work was to prepare crystalline acetonitrile 
and triphenylphosphine oxide complexes of chromium(ll) of the 
type [CrX2 (MeCN)2] and [CrX2 (Ph3PO) 2] (X = Cl, Br or I) for 
detailed magnetic studies at variable temperatures, and X-ray
structural investigations to confirm the proposed distorted
tetrahedral or halide-bridged structures.
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6.3 EXPERIMENTAL
6.3.1 Preparation of Acetonitrile Complexes of Chromium(II) 
Halides
The method used to synthesise the acetonitrile derivatives 
follows the literature 0/ closely. All preparations and
measurements were carried out under nitrogen as described in 
Chapter 2.
1 ) Dichlorobis(acetonitrile)chromium(II)
Chromium(ll) chloride (2.51 gf 0.020 mole) was dissolved in
absolute ethanol (30 cmJ). The solution was heated to boiling 
and to this was added acetonitrile (60 cm ). On cooling and with 
occasional shaking a pale blue compound separated. It was re­
dissolved by heating and the solution was left overnight to cool 
slowly. The pale blue needles obtained were filtered off, washed
O
with acetonitrile (30 cm ) and dried under vacuum for 4 hours at 
room temperature. The crystals turned green on exposure to air
in a few seconds (yield = 80%).
Calculated for C H N Cl Cr
C4H6N2cl2Cr
Found
23.43; 2.95; 13.66; 34.63; 25.36% 
23.21; 3.00; 13.30; 35.64; 24.20%
-203-
2 ) Dibromobis(acetonitrile)chromium(II)
Chromium(II) bromide (3.79 g, 0.0180 mole) was placed on the 
sinter of the Soxhlet apparatus shown in Figure 2.4(b), 
containing acetonitrile (75 cm ) . The chromium(ll) bromide was 
then extracted by refluxing acetonitrile. On cooling a pale 
green microcrystalline compound was obtained. It was re-
O
dissolved by adding a small amount of ethanol (ca. 10 cm ) to the 
reaction mixture and heating. The solution was left overnight 
and the pale green needles obtained were filtered off, washed
O
with acetonitrile (30 cm ) and dried under vacuum for 5 hours at 
room temperature. The light green crystals turned dark green on 
exposure to air (yield = 80%).
Calculated for C H N Br jCr
C4H6N2Br2Cr 16.35; 2.06; 9.35; 54.35; 17.68%
Found 15.50; 2.15; 8.89; 54.55; 17.46%
3) Attempt to prepare diiodobis(acetonitrile)chromium(II)
Chromium(ll) iodide (2.0 g, 0.0065 mole) was dissolved in 
acetonitrile ( 1 0 0 cm ) and the blue solution was allowed to stand 
overnight in a refrigerator. Pale blue crystals which separated 
were filtered off, washed with acetonitrile (30 cm ) and dried 
under vacuum at room temperature. But the compound readily lost 
acetonitrile during attempts to dry it by pumping, giving the 
brown chromium(ll) iodide. The loss of acetonitrile was easily 
reversible; a sample that had started going brownish could be
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changed back to blue by addition of acetonitrile. The
Q
observation by Holah and Fackler that the blue iodide oxidised
immediately in the presence of traces of oxygen could be due to
\
loss of acetonitrile rather than oxidation. Other attempts to 
isolate the blue compound by drying it under slight vacuum or 
with filter paper in the inert atmosphere box also failed due to 
loss of acetonitrile. It is also highly sensitive to air. An 
attempt was also made to prepare the iodide by reducing 
chromium(III) iodide in acetonitrile with Zn/Hg as described by 
Holah and Fackler , but this was unsuccessful. No further work 
was done.
6.3.2 Preparation of Triphenylphosphine Oxide Complexes of 
Chromium(II) Halides
The triphenylphosphine oxide derivatives of chromium(ll) have 
been prepared by the method given by Issleib.^®^ However, 
toluene was used as solvent in a few preparations instead of 
bromobenzene which in our work (see below) led to the formation 
of a small amount of brown impurity. This impurity also formed 
when xylene and benzene were used.
1 ) Dichlorobis(triphenylphosphine oxide)chromium(II)
To anhydrous chromium(ll) chloride (1.29 g, 0.010 mole) suspended 
in toluene (70 cm^) was added triphenylphosphine oxide (6.0g, 
0.020 mole). The reaction mixture was heated to boiling and a 
purple solid separated immediately. The suspension was boiled 
until reaction appeared complete. The purple microcrystalline 
solid was filtered off on cooling, washed with toluene (75 cm ),
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and dried under vacuum for 12 hours. It turned brown within 5 
minutes in air (yield =85%).
Calculated for C H Cl
C36H30P2°2cl2Cr 63.63; 4.45; 10.45%
Found 63.45; 4.67; 10.30%
2) Preparation of crystals of dichlorobis(triphenylphosphine
oxide)chromium(II)
Chromium(II) chloride (1.79 g, 0.014 mole) was placed in
bromobenzene (ca. 100 cm ). To this was added triphenylphosphine 
oxide (8.0 g, 0.0280 mole). The reaction mixture was heated to 
160°C until the reactants dissolved. On cooling the dark blue 
solution, a dark brown solid appeared on the surface of the
liquid, this was filtered off and the filtrate was allowed to
stand overnight. The dark purple blue crystalline plates which 
separated were filtered off, washed with bromobenzene (ca. 50 
cm ) and dried under vacuum for 12 hours at room temperature. 
The compound analysed as a dihydrate (yield = 70%).
Calculated for C H
C36H34P2°4C12Cr 60-43; 4.79%
Found 60.88; 4.36%
Several attempts gave products with similar analysis. However, 
when the above product was heated under vacuum at 80°C for 4
hours a light purple powder was obtained which analysed as the 
anhydrous compound.
Calculated for C H
63 .63; 4.45%
Found 64.86; 4.59%
3) Dibromobis(triphenylphosphine oxide)chromium(II)
Anhydrous chromium(II) bromide (1.74 g, 0.008 mole) was suspended 
in toluene (75 cm3). To this was added triphenylphosphine oxide 
(5.00 g, 0.0180 mole). The reaction mixture was then heated to 
boiling and a sky-blue microcrystalline compound separated. The 
suspension was boiled until reaction appeared complete. The
O
solid was filtered off, washed with toluene (70 cm ) and dried 
under vacuum for 8 hours at room temperature. The sky-blue 
compound turned brown within 5 minutes on exposure to air (yield 
= 85%).
Calculated for C H Br
C36H30P2°2Br2Cr 56.27; 3.93; 20.79%
Found 56.27; 4.18; 20.62%
4) Preparation of crystals of dibromobis(triphenylphosphine
oxide)chromium(II)
Anhydrous chromium(ll) bromide (1.60 g, 0.0075 mole) was 
suspended in dry bromobenzene (ca. 50 cm ) and triphenylphosphine
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oxide (4.50 g, 0.0160 mole) was added. The pale blue solid which 
separated immediately was dissolved by heating at ca. 150°C. The 
green solution was allowed to cool slowly overnight. Bright blue 
crystals appeared with some brown solid which dissolved on 
shaking, and the blue crystals were filtered off, washed with 
bromobenzene (50 cm ) and dried under vacuum at room temperature
for 8 hours. The compound analysed as a dihydrate.
Calculated for C H
C^ 53.75; 4.26%
Found 53.17; 3.92%
Several attempts gave products with similar analyses. Samples of 
[CrCl2 (Ph3P0 ) 2 ! and [CrB^ (PhgPO) prepared from toluene were 
recrystallised from bromobenzene, but the brown impurity still 
formed.
5) "Diiodobis(triphenylphosphine oxide)chromium(II)"
Although diodobis(triphenylphosphine oxide)chromium(II) has been 
reported, difficulty was experienced in obtaining samples with 
good analyses.
Anhydrous chromium(II) iodide (3.00 g, 0.0098 mole) was suspended 
in bromobenzene (100 cm^). Triphenylphosphine oxide (5.70 g,
0.0200 mole) was then added. The reaction mixture was heated to 
boiling until the reactants completely dissolved, and the dark 
brown solution was allowed to stand overnight. The reddish-brown 
solid which formed was filtered off, washed with bromobenzene
(50 cm'*) and dried under vacuum for 24 hours at room temperature. 
It turned dark brown on exposure to air.
Calculated for C H
C36H30p2°2I2Cr 50.13; 3.50%
C54H45p3°3I2Cr 56.84; 3.97%
[See (6 ) below]
Found 53.69; 3.92%
When the filtrate was taken to dryness and the residue washed 
with ether a yellowish-brown solid was obtained which was dried 
for four hours at room temperature. It turned dark brown in air. 
The analyses are satisfactory.
C H JE
50.13; 3.50; 29.43%
49.97; 3.81; 29.00%
6 ) Preparation of crystals of wdiiodobis(triphenylphosphine
oxide ) chromium (II)11
Anhydrous chromium(Il) iodide (2.00 g, 0.0065 mole) was added to 
toluene (ca. 200 cm*) . To this was added triphenylphosphine
oxide (4.25 g, 0.0150 mole). The reaction mixture was then 
heated to boiling. More toluene (50 cm*) was added to re­
dissolve the brown compound which had separated immediately but
Calculated for
C36H30p2°2I2Cr
Found
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as it was only partially soluble on further heating, the hot dark 
brown solution was decanted from the solid which was filtered off 
and washed with toluene (50 cm ) . The buff coloured compound 
rapidly turned brown in air.
Calculated for £ H
C36H30p2^ 2*-2^ r 50.13; 3.50%
c54H45P3°3I2Cr 56.84; 3.97%
Found 53.30; 4.10%
Further toluene was added to the filtrate which was reheated and 
allowed to cool slowly. Dark brown crystals appeared which were 
filtered off, washed with toluene (ca. 50 cm ) and dried under 
vacuum at room temperature for 12 hours. The crystals did not 
change colour in air. A crystal picked from this batch was found 
by X-ray single crystal investigation to be [Crl2 (Ph^PO)3 ]. The 
reason for the discrepancy is unknown.
Calculated for C H
C36^30P2^2*’2^ 'r 50.13; 3.50%
Found 50.15; 3.65%
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Microanalyses of iodo complex obtained in further attempts
Found C H
a 52.76; 3.73%
b 54.51; 3.96%
c 54.53; 3.95%
d 56.84); (3.97)
a = prepared in toluene and dried at room temperature,
b = compound (a) recrystallised from toluene and dried at room
temperature. 
c = compound (b) dried at 60°C under vacuum
d = calculated values for [Crl2 (PhgPO) 3 ] .
7 ) Dibromobis(tetrahydrofuran)bis(triphenylphosphine oxide)- 
chromium(II)
Chromium(II) bromide (1.49 g, 0.0070 mole) and triphenylphosphine 
oxide (4.00 g, 0.014 mole) were suspended in tetrahydrofuran 
(30 cm^). The reaction mixture was heated until all reactants 
had dissolved. The bright greenish blue solution was allowed to 
cool and after a few hours light green crystals were obtained. 
These were filtered off, washed with THF (25 cm^) and dried under
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vacuum at room temperature for 5 hours. The compound changed to
brown in a few seconds in air (yield = 80%).
Calculated for C H
c44H46p2°4Br2Cr 57.91; 5.08%
Found 57.06; 4.57%
8 ) Diiodobis(tetrahydrofuran)bis(triphenylphosphine oxide)—  
chromium(II)
Chromium(ll) iodide (3.0 g, 0.0098 mole) was dissolved in 
tetrahydrofuran (30 cm ) . To this was added a solution of 
triphenylphosphine oxide (5.56 g, 0.020 mole) in THF (25 cm ) . 
The yellowish green microcrystalline product separated 
immediately. The reaction mixture was heated at 60°C for one
hour in order to complete the reaction. Then the product was 
filtered off, washed with THF (30 cm'*) and dried under vacuum at 
room temperature for 6 hours. The yellowish green compound 
turned brown on exposure to air (yield = 75%).
Calculated for C H
C44H46P2°4I2Cr 52.50; 4.60%
Found 50.30; 4.28%
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9 p Other preparative studies
Attempts to prepare dichlorobis(tri-n-octylphosphine
oxide)chromium(II) and dichlorobis(tetrahydrofuran)-
bis(triphenylphosphine oxide)chromium(II) failed.
-213-
6.4 RESULTS AND DISCUSSION
6.4.1 MAGNETIC PROPERTIES
The variations with temperature of the atomic susceptibilities 
and effective magnetic moments of the chromium(ll) complexes with 
acetonitrile and triphenylphosphine oxide prepared in the present 
study are shown in Table 6.1 and examples are plotted in Figs. 
6 .1-6.3. Previously, only the room temperature magnetic moments 
were reported.**^ •
6.4.1.1 Acetonitrile Complexes
The room temperature magnetic moments (ca. 4.80 B.M.) for the 
acetonitrile derivatives [CrX2 (MeCN)2] (X = Cl or Br) are 
slightly lower than the spin-only value (4.90 B.M.) for four
unpaired electrons. These values are very similar to those
p 07
reported by Holah and Fackler. The magnetic moments for these
complexes decrease on lowering the temperature, showing that
these compounds are antiferromagnetic. They obey the Curie-Weiss
law. The antiferromagnetism may arise due to interaction between
metal ions by "super-exchange" through the bridging halide ions.
The results obtained here support the halogen-bridged polymeric
3 7structure suggested earlier. ' The magnetic behaviour of the 
acetonitrile derivatives can be satisfactorily reproduced by 
substitution of the values of J and g (Table 6.1) in Smith and 
Friedberg's expression"*®^ (equation 6.1) for antiferromagnetic 
interaction in linear complexes.
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Xa(T) = Ng2y2 gS(S + l)/3kT x 1 + U(K)/1 - U(K) (equation 6.1)
U(K) = coth K - (1/K); K = 2JS(S + l)/kT; for high spin
chromium(II) S = 2.
The J values indicate Similar weak interaction in both
acetonitrile complexes. The Cr-Cr separation in the chloride is
o
less (3.84 A, calculated from the unit cell dimension) than in 
the bromide (4.05 A) and the bridging distances will be expected 
to be smaller thus favouring direct interaction and 
superexchange. However, the more polarizable, less
electronegative bromide can permit easier transmission of 
magnetic interaction and the net effect is apparently similar in 
both complexes.
6.4.1.2 Triphenylphosphine oxide Complexes
The room temperature magnetic moment of [CrCl2 (Pl^PO) 2 ] is close 
to the spin-only value (4.90 B.M.), while [CrX2 (Ph^PO)2 ] (X = Br 
or I) have somewhat lower room temperature magnetic moments. The 
magnetic moments for all these complexes decrease on lowering the 
temperature. However, single crystal studies on [CrB^ (PhgPO) 
and [Crl2 (PhgPO^] (section below) show that there is a large 
Cr-Cr separation and halide bridges are absent so it is difficult 
to ascribe the decreasing moments to antiferromagnetism. The 
reflectance spectra are compatible with highly distorted or 
planar structures.
The complexes [CrBr2 (Ph3P0)2 (THF)2] and [CrI2 (Ph3PO)2 (THF)2l obey 
the Curie law down to liquid nitrogen temperature with
-215-
temperature-independent magnetic moments which are close to the 
spin-only value. These compounds are therefore magnetically
O 1
normal octahedral high spin (t 2g g^  without bridging ligands.
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TABLE 6.1
Magnetic Susceptibility Data for Acetonitrile and 
Triphenylphosphine Oxide Complexes of Chromium(Ip
Acetonitrile Complexes T(°K) X,
x 1 0'
1/X 
x 10
A
- 1
yeff 
(B.M.)
[CrCl2 (MeCN)23
6 =  20°
Diamagnetic correction 
J = -1.7 cm"-*-, g = 2.02 
[CrBr2 (MeCN)2]
295.5 9710 10.298 4.79
263 10753 9.299 4.76
230 12208 8.191 4.74
198.5 14114 7.085 4.73
167 16419 6.090 4.68
136 19651 5.088 4.62
104 24338 4.108 4.50
91.5 27249 3.669 4.47
= -91 x 10 e.g.s. units per mole
0 = 19°
Diamagnetic correction 
J = -1.5 cm"1, g = 2.01 
Triphenylphosphine Oxide Compounds 
[CrCl2 (Ph3PO)2]a
295.5 9688 10.322 4.78
263 10820 9.242 4.77
230 1 2 1 1 0 8.257 4.72
199 14070 7.107 4.72
137 19830 5.042 4.66
104 24610 4.063 4.50
90 27810 3.595 4.40
- 1 1 2 x 1 0 ~ 6 e.g.s. units per mole
291.5 10168 9.834 4.87
262 11185 8.940 4.84
230 12594 7.940 4.81
197.5 13932 7.177 4.69
165.5 16554 6.040 4.68
136.5 19961 5.009 4.67
101 25936 3.850 4.57
86.5 30057 3.327 4.56
x 1 0 ” 6 c.g.s. units per mole
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TABLE 6.1 Continued
[CrBr2 (Ph3PO)2 ]2H2Ob 
6 =  20°
Diamagnetic correction = -336 
[CrI2 (Ph3PO)2]c
e = 3i°
Diamagnetic correction = -353 
[CrBr2 (Ph3P0 )2 (THF)2]
6 =  8 °
Diamagnetic correction = -442 
[Crl2 (Ph3P0 )2 (THF)2]
6 = 0
Diamagnetic correction = -470
T(°K) xA X/XA Ueff
x 106 x 10- 1  (B.M.)
292 9158 10.919 4.62
260.5 10303 9.705 4.63
227 11598 8.622 4.58
193 13644 7.329 4.58
159.5 16159 6.188 4.54
128 19838 5.040 4.50
89 26069 3.836 4.30
x 1 0 “ 6 e.g.s. units per mole
295 7939 12.596 4.32
263 8578 11.657 4.25
230 9457 10.573 4.17
198 10575 9.455 4.09
166 12252 8.161 4.03
135.5 14887 6.717 4.02
103.5 19339 5.170 4.00
89.5 22294 4.485 3.99
x 1 0 ~ 6 e.g.s. units per mole
295 10692 9.352 5.02
262.5 12017 8.321 5.02
231 13706 7.296 5.03
198.5 16149 6.192 5.06
167 19162 5.218 5.05
136.5 23728 4.214 5.08
104 30737 3.253 5.05
98 35805 2.793 5.04
1OrHX e.g.s. units per mole
296 9521 10.502 4.74
255 11155 - 8.964 4.77
230.5 12375 8.080 4.76
198.5 14473 6.909 4.79
166.5 17182 5.819 4.78
135.5 21329 4.688 4.80
103.5 27989 3.572 4.81
89 32186 3.106 4.78
M O 1 c
n
o .g.s. units per mole
a = Isolated as in 2 and dried at 80°C under vacuum, 
b = Isolated as in 4, c = Isolated as in 6 .
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6.4.2 Reflectance Spectra
The reflectance spectra of the acetonitrile and 
triphenylphosphine oxide derivatives of chromium(II) are listed 
in Table 6.2 and examples are shown in Figures 6 .4-6.6 .
6 .4.2.1 Acetonitrile Complexes
The reflectance spectra of the dichloro- and dibromo- 
bis(acetonitrile)chromium(II) compounds contain one broad band at 
ca. 13200 cm which can be assigned to superimposed Big * 2g 
and (\>2 + v^ ) transitions and a weaker band at lower
frequency (9600-9800 cm"-1) which can be assigned to the 
 ^^ Alg^l^ transition. This is characteristic of
tetragonally d i s t o r t e d * ^ ' ^ s i x  coordinate Cr11 and confirms 
the halide-bridged polymeric structure. The spectra are very
p R 7
similar to those reported by Holah and Fackler for the same
288compounds and also to the spectra of pyridine derivatives of 
chromium(ll) of the type [CrXpCpyJp] (X = or Br) . For these 
derivatives a distorted halogen-bridged structure has been 
proposed. However, the shift to higher energy of the bands in 
the pyridine complexes is consistent with the slightly higher 
position of pyridine relative to acetonitrile in the 
spectrochemical series.
Based on spectral evidence, the environment of chromium(ll) in 
[CrXp(MeCN)p] (X = Cl or Br) appears to be distorted octahedral 
with four halides and two acetonitrile groups surrounding the 
metal ion.
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6 .4.2.2 Triphenylphosphine oxide Complexes
The reflectance spectra of dichloro- and dibromo-
bis(triphenylphosphine oxide)chromium(II) are similar and show 
three bands in the regions 11760-12230, 15150-16000 and 17450-
18200 cm"^. The spectra suggest a planar structure for the
complexes as explained below. Many compounds of high spin 
chromium(II), e.g. [Cr(HpO)g]^+ in (NH^)2SO4 .CrSO^.6H2O and CrCl2
p
contain the metal ion m  4 + 2 coordination. Their reflectance
spectra contain a more intense band at 14000 and 11750 cm"-'-
5 v 6 5respectively assigned to superimposed Blg ------2g' ^
transitions and a weaker band at lower frequency (8500 and 9100
cm“  ^ respectively) assigned to the ^B^g > BA-^ g transition. If
[CrClp (PI13PO) p] contained bridging halide (chromophore CrC^Op),
which is possible on the basis of the magnetic behaviour, the
O I
stronger band should be between the values for [Cr(Hp0)g] and
CrClp. However, there are three bands in the spectrum of
[CrClp(PhpPO)p3 at much higher than the predicted frequency.
This is consistent with a planar CrClpOp chromophore. The
37spectra of both compounds resemble those obtained earlier.
The reflectance spectrum of diiodobis(triphenylphosphine
oxide)chromium(II) is different from those of the chloride and 
bromide derivatives and shows only two bands at ca. 11600 and 
24880 cm“ .^ However, because it may be a mixture of CrlptPhpPO^ 
and Crl2 (PhpPO)3 , no assignments have been made.
Reflectance spectra of [CrBrptPhpPO^^HFyp] and
[Crip(PhpPO)p(THF)p] show one broad band ca. 12120 cm-  ^ and
-223-
TABLE 6.2
Reflectance Spectra of Acetonitrile and 
Triphenylphosphine oxide Complexes of Chromium(ll)
Acetonitrile Complexes Band oositions in cm” 1 (nm)
[CrCl2 (MeCN)21 9600(1040) sh, 13200(760)br
Pale blue
[CrBr2 (MeCN)2] 9800(1020)sh, 13200(760)br
Pale green
Triphenylphosphine Oxide Complexes
[CrCl2 (Ph3PO)2]a 12230(820)br, 15690(640)sh, 18120(552)s
Purple
[CrCl2 (Ph3PO)2]- 12000(830)br, 16000(625)sh, 18200(550)s
2H20b
Purple blue
[CrBr2 (Ph3PO)2]c 11760(850)br, 15150(660)sh, 17450(570)s
Sky blue
[CrBr2 (Ph3PO)2]- 11800(845)br, 15500(645)sh, 17500(572)s
2H2Od
Blue
[CrI2 (Ph3PO)2]e 11600(860)br, - 24880(400)s
Brown
[CrBr2 (Ph3PO)2- 12120(825)br - —
(t h f)2]
Green
[CrI2 (Ph3PO)2- 13600(735)br - 26320(380)m
(t h f)2]
Yellowish green
a = Isolated as in 1
b = Isolated as in 2 dried at room temperature
c = Isolated as in 3
d = Isolated as in 4
e = Isolated as in 6 (1st product)
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13600 cm”-*- respectively, resembling the spectra of some 
tetragonally-distorted, six-coordinate compounds of
chromium(ll).37,41,301 This band is probably a superimposition 
of the  ^ ^B2g anc^  ^Eg transi'tions• However, the
slightly higher frequency of the band for [Cr^CPl^PO^tTHF^] 
may be due to greater distortion from the octahedral symmetry, 
and the band which appears at ca. 26320 cm“ ,^ may be charge 
transfer m  origin.
6.4.3 Infrared Spectra
The infrared spectra of all chromium(ll) halide complexes of 
acetonitrile and triphenylphosphine oxide are given in Table 6.3 
and examples are illustrated in Figures 6.7-6.10.
6.4.3.1 Acetonitrile Complexes
Nitriles (RC=N) form a number of metal complexes by coordination 
through the nitrogen atom. Reedijk and Groenveld and Cotton
and Zingales^^ have carried out extensive i.r. studies on 
acetonitrile complexes. The C=N stretching frequency in
acetonitrile at 2250 cm"^ shifts to lower or higher frequency 
depending upon the nature of metal ion and its oxidation state. 
When nitriles are coordinated to zerovalent metals such as Cr(0), 
back donation of electrons from metal to ligand is extensive and 
the C=N stretching band is shifted to lower frequency. For mono- 
and di-positive metal ions, little or no back donation occurs and 
the C=N stretching band is shifted to higher frequency as a 
result of the inductive effect of the metal ion.
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The infrared spectra of dihalobis(acetonitrile)chromium(II) 
derivatives are very similar above 400 cm"’* and contain
absorptions due to CsN stretching vibrations of acetonitrile at 
ca. 2300 cm-*, indicating the coordination of acetonitrile
p o  -j _ p q /
through nitrogen as in other acetonitrile complexes. The
coordination through nitrogen has also been confirmed by the 
appearance of bands (320-340 cm-*) in the far i.r. spectra which 
have been assigned'*®^ to v(Cr-N). It is also suggested that in 
[CrClp(MeCN)p] the strong band centred at 320 cm-* contains 
overlapping absorptions due to the v(Cr-Cl) and v(Cr-N) 
vibrations. The band at 270 cm-* for the bromo derivative may be 
due to v(Cr-Br).
6 .4.3.2 Triphenylphosphine oxide Complexes
The infrared spectra of triphenylphosphine oxide complexes with a
290-297variety of transition metals have been reported. Cotton
et al^95,297,306 noted that the P=0 stretching frequency of 
Ph3PO(1195 cm-*) is lowered by ca. 50 cm-* upon coordination.
Infrared spectra of the chromium(ll) triphenylphosphine oxide 
complexes studied in this work show a strong P=0 absorption band 
in the region 1140-1190 cm-*, lower than in the free ligand. 
However, the decrease is greater in the iodide than in the 
chloride. These results are in accord with previous observations 
and with theoretical expectation on the assumption of partial 
multiple bond character for P-0 b onds.Co o r d i n a t i o n  through 
the oxygen atom of the triphenylphosphine oxide molecule is 
further confirmed by the appearance of bands in the far i.r.
-229-
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spectra in the regions 420-430 crn"^ - assignable-*-^'^20 to V(Cr-O). 
The far infrared spectra also indicate the presence of Cr-X (X = 
Cl, Br or I) stretching vibrations in the region 230-348 cm”-*", 
where many chromium(II) halo complexes absorb. Infrared
spectra of the dihalobis(tetrahydrofuran)bis(triphenylphosphine 
oxide)chromium(II) complexes show two bands at ca. 1030 and 880 
cm”-* due to v(C-O-C), which confirms the presence of coordinated
on7tetrahydrofuran. These bands are absent from the spectra of
other triphenylphosphine oxide complexes.
6.4.4 Single Crystal/Powder X-Ray Diffraction Studies
6.4.4.1 X-Ray Structure Determination of Dihalobis(acetonitrile)
Chromium(ll) Complexes
Single crystal X-ray diffraction studies have been carried out on 
the dihalo-bis-(acetonitrile)chromium(II) compounds. The
crystals were loaded under nitrogen into Lindemann capillaries by 
the method described in Chapter 2, and structural investigations 
were carried out by Dr. D. C. Povey and Dr. B. J. Tucker.
The compounds [CrCl2 (MeCN)2 ] and [CrB^(MeCN)2 ] crystallised as 
pale blue and pale green needles (preparations 1 and 2 ) 
respectively. The crystals were generally twinned along a face 
parallel to the axis. In the case of the bromide, one of the 
twins gave a much stronger diffraction pattern than the other and 
a complete X-ray diffraction study was possible. Crystals of the
-235-
chloride had twins that diffracted almost equally, making 
diffraction studies difficult.
The crystal data for [CrCl2 (MeCN) and [CrB^ (MeCN) 2 ] obtained 
from oscillation and Weisenberg photographs (Table 6.4) gave the 
space group and approximate unit cell dimensions. Crystal data 
from a needle crystal of [CrBr2 (MeCN)2 3 of 0.3 mm linear 
dimension was obtained on an Enraf-Nonius CAD4 diffractometer. 
The Crystal Data: C^Hg^B^Cr, Mr = 293.92, a. = 8.072(1), b = 
13.938(2), c = 4.054(4) A, £ = 91.15(2)°, V = 456.10 A3, space
group = Z = 2, Dc = 2.14 g cm-3, F(000) = 276, using
0
graphite-monochromated, Mo - radiation ( X = 0.71069 A),
u(Mo - K ) = 95.2 cm"1. . a
Selected bond distances and bond angles are given in Table 6.5. 
The structure of [CrBr2 (MeCN)2 ] (Fig. 6.11) is a bromide-bridged 
polymeric one in which the chromium atoms are in distorted
octahedral coordination. The chromium atoms are at the origin of
0
the unit cell, making the Cr-Cr distance 4.05 A. The bridges are 
unsymmetrical and the antiferromagnetic interaction of the
compound must therefore operate through the bridging bromine
0
atoms which are at 2.54 and 2.976 A distances from adjacent
chromium atoms. The short Cr-Br bonds are of similar length to
0
those (2.60 A) in the trans-planar units [CrBr2 (H2 0 )2] of 
[Hpy] 2 tCrBr2 (H2O) 2 ]Br2 » The Cr-N bonds are of normal length
so that the structure could be considered composed of planar
o
[CrBr2 (MeCN)2 ] units linked by long trans-Cr-Br bonds of 2.976 A 
to neighbouring units.
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TABLE 6.4
Crystal Data (from Oscillation and Heisenberg Photographs)
of Acetonitrile Complexes of Chromium(II)
Molecular formula [CrCl2 (MeCN)2] [CrBr2 (MeCN)2]
«r 205.64 293.91
Crystal system monoclinic monoclinic
Space group P21/a P21/a
a(A) 7.64 8.04
b 13.46 13.84
c: 3.84 4.01
92.0 91.0
V(A3) 394.5 446.2
TABLE 6.5
o
Bond Distances(A) and Angles(°) for [CrBr?(MeCN)with
Estimated Standard Deviations (e.s.d.s) in parentheses
Cr-Br(1) 2.545(0)
Cr-Br(2) 2.976(1)
Cr-N 2.066(4)
Cr-Cr 4.054(4)
N-C(l) 1.129(6)
C(l)-C(2) 1.444(7)
Cr-N-C(1) 177.4(4)
N-C(1 )-C(2 ) 178.4(5)
Br(1)-Cr-N 90.8(1)
Br (1)-Cr-Br(2) 85.82(5)
N-Cr-Br(2) 89.21(5)
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Br(2)
Fig. 6.11
ATOMIC NUMBERING SCHEME AND STRUCTURE OF [CrBr2 (CH3CN)^
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Because of similarities in the diffraction patterns, it is
reasonable to assume that in the chloride too, the chromium atoms
o
are at the origin, with shorter (3.84 A) Cr-Cr distances. Holah
007
and Fackler have reported that X-ray powder patterns show 
[CrBr2 (MeCN)2 ] and [CrCl2 (MeCN)2] not to be isomorphous, but our 
single crystal data show that they are. Thus a distorted 
tetrahedral structure^ for [CrCl2 (MeCN)2 ] is ruled out.
6.4.4.2 X-Ray Powder Diffraction Study of
Dihalobis(triphenylphosphine oxide)chromium(II)
Complexes
Further evidence for the structures of triphenylphosphine oxide
complexes of chromium(ll) has been obtained from X-ray powder
diffraction data (Table 6 .6-6 .8 ). The powder photographs of the
compounds [CrX2 (Ph^PO) 2 ] (X = Cl, Br, or I) obtained (Fig. 6.12)
as described in Chapter 2, indicate complex structures, and
analysis in terms of simple unit cells was not possible. Instead
the powder patterns have been compared visually and from the
d-spacings and intensities of lines. The powder patterns of the
chloride and bromide derivatives are closely similar (Table 6 .6 ).
The powder pattern of the iodide derivative is not similar
(Table 6 .8 ) to those of the chloride and bromide, indicating that
the chloride and bromide structures differ from that of the
37iodide as found earlier. '
Blue crystals of [CrB^ (Pl^PO) were prepared from
bromobenzene, but the microanalyses are poor, unless it is
- 239 -
TABLE 6.6
X-Ray Powder Diffraction Data of Triphenylphosphine oxide
Complexes of Chromium (II)
[CrCl2 (Ph3PO)2]a [CrBr2 (Ph3PO)2]b
I 6 hkl 
(°)
dhkl
(A)
I HCD dhkl
(A)
s 3.65 1 2 . 1 0 s 3.67 12.30
s 5.20 8.50 m 5.25 8.42
s 6 . 0 0 7.37 s 5.91 7.48
s 6.82 6.49 m 6.78 6.53
w 7.92 5.59 vw 7.85 5.64
w 8.70 5.10 vw 8.71 5.10
s 9.96 4.45 vs 10.26 4.32
s 10.42 4.26 m 10.84 4.10
s 1 1 . 0 2 4.03 m 1 1 . 2 2 3.96
w 12.32 3.61
s 12.65 3.52 vs 12.62 3.53
w 14.16 3.15 m 14.08 3.17
m 15.20 2.94 w 15.23 2.93
w 16.25 2.75 w 16.45 2.72
vw 17.57 2.55 w 17.40 2.58
m 18.77 2.40 s 18.70 2.40
vw 19.70 2.29 m 19.59 2.30
vw 20.95 2.15
vw 2 1 . 8 6 2.07 vw 21.45 2 . 1 1
vw 22.57 2 . 0 0
m 23.45 1.94 m 23.40 1.94
vw 24.03 1.89 vw 24.07 1.89
w 25.10 1.82 vw 24.07 1.82
vw 26.15 1.75
vw 28.00 1.64
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TABLE 6.7
[ CrBr 2 ( PI13PO ) 2 1b 
Blue powder
I 6 hkl 
(°)
dhkl
0
(A)
s 3.67 12.30
m 5.25 8.42
s 5.91 7.48
m 6.78 6.53
vw 7.85 5.64
vw 8.71 5.10
vs 10.26 4.32
in 10.84 4.10
m 11.22 3.96
vs 12.62 3.53
m 14.08 3.17
w 15.23 2.93
w 16.45 2.72
w 17.40 2.58
s 18.70 2.40
m 19.59 2.30
vw 21.45 2.11
m 23.40 1.94
vw 24.07 1.89
vw 24.02 1.82
[CrBr2 (Ph3PO)2
Blue crystals
I 6 hkl dhkl
(°) (A)
s 3.67 12.30
w 5.24 8.44
s 5.88 7.53
s 6.84 6.47
m 8 • 66 5.12
vs 10.04 4.42
m 10.86 4.09
m 11.28 3.93
vs 12.54 3.55
vw 13.90 3.21
vw 15.30 2.92
vw 16.45 2.72
vw 17.41 2.57
m 18.66 2.41
w 19.59 2.30
w 21.92 2.06
vw 23.55 1.93
vw 25.30 1.80
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TABLE 6.8
[Crl2(Ph3PO)2]d
I 0 hkl 
(°)
dhkl
(A)
s 3.98 1 1 . 1 1
m 4.20 10.51
m 4.80 9.21
m 5.18 8.54
w 6.46 6.85
w 8 . 2 0 5.40
m 9.52 4.66
m 10.90 4.07
m 1 1 . 2 0 2.96
V 11.58 3.84
m 12.50 3.56
m 13.30 2.34
vw 14.72 3.03
m 15.98 2.80
vw 16.20 3.76
vw 17.82 2.52
w 18.44 2.44
w 20.65 2.18
vw 22.51 2 . 0 1
vw 23.32 1.94
vw 24.49 1 . 8 6
a = Isolated as in 1.
b = Isolated as in 3.
c = Isolated as in 4p.
d = Isolated as in 6 (1st product).
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Fig.6.12 Plate: X-ray powder photographs
[CrCl2(Ph3P0)2J [CrBr2(Ph3P0)2]
(Powder)
[CrBr2(Ph3P0)2] [CrI2(Ph3Po)2] 
(Crystals)
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ass uraed to be a dihydrate. However, the powder diffraction 
pattern for this preparation (Table 6.7) was almost identical 
with that of the powder prepared from toluene. Thus the crystals 
were used for an X-ray structure determination.
6 .4.4.3 X-Ray Structure Determination of
Dibromobis(triphenylphosphine oxide)chromium(II)
Crystals of [CrBr2 (Pl^PO)2] °f suitable size were isolated from 
bromobenzene as described (4) above, but the analyses indicated 
that they were hydrated. The presence of water was not initially 
suspected because it does not show in the infrared spectra and 
the starting materials had been dried. It presumably comes from 
small amounts remaining in the bromobenzene and the halide.
An air-sensitive blue needle was mounted in a Lindemann capillary 
under nitrogen as described in Chapter 2. Crystal structure 
studies were carried out by Dr. V. Ramdas and Dr. D. C. Povey. 
The unit-cell dimensions were collected on an Enraf-Nonius CAD4 
diffractometer.
The Crystal Data: C3gH3QP2 0 2Br2Cr, Mr = 768.4, monoclinic, a^ =
o
10.45(9), b = 15.18(6), c = 12.78(8) A, $ = 102.32°, V = 1980.4 
A”*, space group P2^/a^f Z = 4, Dc = 1.295 cm""'*, F(000) = 772, y(Mo 
- K a) = 23.98.
Although fully satisfactory structural refinement has not been 
achieved, the structure of [CrBr2 (PI13PO) 2] is trans-planar 
(Fig. 6.13) and clearly rules out the proposed tetrahedral or
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Fig. 6.13 ATOMIC NUMBERING SCHEME AND MOLECULAR 
STRUCTURE OF [CrBr2 (Ph3PO) 2*]
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TABLE 6.9
Bond Distances (A) and Angles(°) for [CrBr^(Ph^PO)?3 with
Estimated Standard Deviations in Parentheses
Cr-Br(1) 2.499(4)
Cr-O(l) 1.99(2)
P(1)-0(1) 1.49(2)
P(l)-C(l) 1.82(3)
Br(l)-Cr-0(1) 91.3(6)
Cr-0(1)-P(l) 151.0(1)
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halide-bridged structures. Selected bond distances and angles
are given in Table 6.9. Atoms other than those in the
o
coordination sphere are 8 A or further away from the chromium
o
atom of a particular molecule, and Cr-Cr distances are ca. 9.0 A. 
There is no indication of bridging bromide; thus the molecule is 
truly planar and the chromium is not in 4 + 2 coordination.
o
The Cr-Br separation of 2.499(4) A is similar to that found in
other bromo-complexes of chromium(ll) (2.54-2.64 £)f169,170,223
, . o
and the Cr-0 distance of 1.99(2) A is similar to the Cr-0 
separation**0® in some chromium(II) -3-ketoamine complexes and in 
bis(acetylacetonato)chromium(II) (1.96-1.98 A ) . 000
From their similar powder diffraction patterns [CrCl2 (Ph^PO) 3 ] 
and [CrBr2 (PI13PO) 3 ] are isomorphous (Table 6 .6 ). Thus both are 
planar chromium(ll) complexes. Scaife3  ^ also reported that the 
chlorine complex and the green form of bromo complex had similar 
powder patterns.
6.4.4.4 X-Ray Structure Determination of Diiodotris-
(triphenylphosphine oxide)Chromium(II)
The dark brown crystals with analyses consistent with the formula 
[Crl2 (Ph3P0 ) 2 3 were isolated as in 6 from the filtrate of the 
main product which had analysis intermediate between values 
expected for [Crl2 (Pl^PO) 2 ] and [Crl2 (PI13PO) 3 ] .
The Crystal Data: C5 4H4 5P3 0 3l2Cr Mr = 1140.7, monoclinic, a^ = 
35.56(3), b = 11.01(9), c = 14.49(7) A, 94.39°, V = 567.8 &3,
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space group P22/a./ Z = 4, Dc = 1.339 g cm”3, F(000) = 2272, y(Mo 
- Ka) = 13.959 cm-*-. The refinement converged at R = 0.082.
The [Crl2 (PI13PO) 3 ] molecule (Figure 6.14) is trigonal
bipyramidal. Selected bond distances and angles are given in
0
Table 6.10. The Cr-I distances of 2.852(5) and 2.787(5) A are
o 0
(ca. 0.3 A) shorter than those reported (3.1 A) for
2tetragonally-distorted six coordinate complexes of type ACrl3
27Q 0and Crl2 « The Cr-0 distance of ca. 2.0 A (average) is similar
to the Cr-0 separation in [py] 2 [CrB^ (H2O) 3 ] B^ * ^ 0 (2.039 A).
Powder diffraction patterns (Table 6 .8 ) also show that 
[Crl2 (Ph3P0 2 )3 ] isolated as main product in 6 is not isomorphous 
with [CrX2 (Ph3P0)2] (X = Cl or Br).
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TABLE 6.10
Bond Distances(A) and Angles(°) for [CrI?(Ph^P0)^3 
Estimated Standard Deviation in Parentheses
Cr-I(l) 2.852(5)
Cr-I(2) 2.787(5)
Cr-O(l) 2.029(15)
Cr-0(2) 1.983(15)
Cr-0(3) 2.10(2)
P(1
P(1 
P( 2 
P (3 
1(1 
1(1 
1(1 
1(1 
1(2 
1(2 
1(2 
0(1 
0(1 
0(2
-0(1) 1.45(2)
-C(1) 1.77(3)
-0(3) 1.47(2)
-0(2) 1.51(2)
-Cr-I(2) 123.9(2)
-Cr-O(l) 91.2(5)
-Cr-0(2) 92.5(5)
-Cr-0(3) 108.7(5)
-Cr__0( 1) 91.7(5)
-Cr-0(2) 87.3(5)
-Cr-0(3) 127.4(5)
-Cr-0(2) 176.1(8)
-Cr-0(3) 88.8(7)
-Cr-0(3) 88.9(7)
with
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CHAPTER 7
COMPLEX HALIDES OF VANADIUM(II) AND VANADIUM(ill)
-250-
7•1 INTRODUCTION
7.1.1 Complex Halides of Vanadium(II)
As compared to chromium(II), little attention has been directed 
to the complex halides of vanadium(ll) presumably because of the 
difficulty of handling them and obtaining starting materials. 
The preparation, structure and properties of vanadium(ll) and 
vanadium( III) complex halides have been reviewed.7**' 
Generally, these have been prepared by high temperature dry 
routes.
Several anionic halide complexes of vanadium(ll) have been 
characterised (Table 7.1), nearly all are trihalo species. 
Trans-octahedral and chloride-bridged octahedral structures have 
been suggested for the diaquotetrachloro and anhydrous 
tetrachloro vanadates (II) respectively.*^®
All hydrated compounds have effective magnetic moments close to 
the spin-only value (3.87 B.M.) which are independent of
temperature, suggesting mononuclear structures. However, the 
magnetic moments of the anhydrous compounds are well below the 
spin-only value at room temperature and show antiferromagnetic 
behaviour due to superexchange, which decreases from the chloride 
to iodide.'**’®
The diffuse reflectance spectra of the compounds show three d-d 
bands, typical for octahedral vanadium(ll) complexes. However,
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TABLE 7.1
Known Complex Halides of Vanadium(II)
Compound yeff
'V300°K
(B.M.)a
^90°K
Ref
AVF3 (A = Na,K, Rb) 3.6 2 . 0 311-313
k2vf4 - - 313,314
tNH4 ]2 [VF4 (H20)2] - - 313
AVC13 .6H20 (A = NH4, Rb) 3.8 00•
CO 143,315,316
[nh4 ][vci3 (h2o)3] 3.8 3.6 143,315,316
CsVC13 .2H20 3.8 - 89,316
AVC13 (A = Rb, Cs) 2 . 0 1 . 0 89,143,310,
314-316
(A = K, NH4, Tl, Me4N) - - 89,143,310,
315,317
cs2 [vci4 (h2o)2] 3.8 3.7 143
Cs2 [VC14] 2.3 1 . 8 50,143
AVB^.Of^O - - 318
(A = Cs, Rb, K, NH4)
CsVBr^.3H2O — - 318
AVBr3 (A = Cs, Rb, NH4) 2 . 0 1.5 310,318
CsVI3 310,319
a = approximate values.
-252-
the spectra of complexes [NH4 ][VCI3 (H2O)3 ] and CS2 [VC14 (^0) 2 1 
indicate moderate deviation from octahedral symmetry.
1
The single crystal electronic spectra of the compounds AVCI3 (A = 
K, Rb or Cs) show^^'^* three spin-allowed transitions with 
extensive vibrational contribution and also spin-forbidden 
transitions intensified by exchange interactions.
Like AMXg^-*-' 310,319 _ aikaii metal, M = bivalent first row
transition metal, X = halide) compounds generally, the anhydrous 
trihalo vanadium(ll) complexes would be expected to consist of 
linear chains of regular VClg octahedra linked at their faces 
(Fig. 3.4). However, for the hexahydrates the structure 
A[V(H2 0 )g]CI3 has been suggested. No single crystal structure 
has been reported.
Grey and Smith^^ also investigated the compounds AVCI3 .6H2O (A = 
Rb,NH4) and the dihydrate CSVCI3 .2H2O. They showed that the 
coordination entity in the Rb and NH4 salts was [V(H2 0 ).g] ,
whereas in the case of Cs salt it was [VClg]^- with water being 
bound as the hydrate water in the crystal lattice.
Babar^ prepared a series of vanadium(ll) complexes of the type 
A2VBr4 (A = PI1NH3 , EtNH3, Me2NH2, n-CgH1 7NH3, C(NH2)3) by adding 
2 ,2-dimethoxypropane to an ethanolic solution of hydrated 
vanadium(II) bromide and appropriate ammonium salt, then heating 
the resulting compound at 120°C in vacuum. The compound 
[PipzH2 l2 [VBrg] was prepared by treating hydrated vanadium(II) 
bromide with piperazinium bromide in 0.1M hydrobromic acid. They
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show antiferromagnetic interaction and may have polymeric 
structures. The powder photographs of [EtNH^]2 [VBr4] and 
[EtNHg]2 [CrBr4] show that they are not isomorphous.
Although acetic acid has been extensively used as a solvent in 
inorganic chemistry, comparatively few inorganic coordination 
compounds are known containing acetic acid molecules. Van
091
Leeuwen and Groeneveld reported the hexa-acetic acid complexes
[M(CH3C02H)6 ]X2 (M = Mg, Mn, Co, Ni, Cu or Zn, X = BF4, C104” or
N03“). The nickel complex [Ni(CH3C0 2H)g](BF4 ) 2 has been
323structurally examined and the nickel atom is surrounded by an
octahedral arrangement of carbonyl oxygen atoms of the acid (Ni-0
0
= 2.06 A).
Babar et al^ isolated magnetically dilute diacetic acid adducts
of chromium(ll) of the type [A]2 [CrBr4 (CH3C02H)2I (A = C(NH2 )3/
2 —
Me2NH2 ). Both compounds contain discrete [CrBr4 (CH3CC>2H) 2 1 
anions separated by guanidinium and dimethylammonium
CO 7n
cations. ' The chromium(ll) atom in each case is six
coordinate with trans pairs of Cr-Br bonds of unequal length (2.9
0
and 2 . 6 A).
Recently, the vanadium(ll) complexes [VCI2 (CH3C0 2H)4] and 
[V(CH3C0 2H)g]Br2 have been isolated^ from the reaction between 
vanadium, acetic acid and HX(g) (X = Cl or Br) . Octahedral 
structures were established by magnetic, spectroscopic and 
crystallographic studies.
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7.1.2 Complex Halides of Vanadium(lll)
Many anionic vanadium(III) complexes containing four, five or six 
halide ions are known (Table 7.2). A variety of
•7 o o o a
hexafluorovanadate(III) salts, obtained' ' by high temperature
techniques or from solutions containing hydrofluoric acid, have
been characterised by X-ray powder and magnetic
measurements. ^ 5,326 Tlie cryStal structure of Li3 [VFg] contains
327vanadium atoms m  octahedral coordination. '
Many chloride complexes have been prepared with various
stoichiometries. However, the exact formulation of chloroaquo
32 3—3 31salts has been the subject of much debate. J Results by
329 331different workers ' indicate that these compounds generally
contain the trans-[VC^f^O)4 ]+ and [VClgt^O) ] 2” ions in which
vanadium(III) is octahedrally coordinated. The X-ray powder data
329 331of many chloroaquo complexes have been compared. ' 
Compounds A2 [VClgC^O) ] (A = K, Rb, NH4 ) are isomorphous with 
K2 [FeCl5 (H20 ) ] . 332
The structure of Cs3 [VCI2 (H2O)4 ]CI4 was solved by X-ray 
3 99diffraction. J The low temperature polarised absorption spectra 
of the complex Rb3 [VCI2 ( ^ 0 )4 ]CI4 and Cs3 [VBr3 (H30)4 ]Br3 were 
interpreted in D4^ symmetry, i.e. a trans-[VX2 (H2CO4 ]+ 
chromophore.
3— 943Some complexes contain the [V^Xg] *3 ion which is dinuclear,
since Cs3 [V2Clg] is isostructural with the chromium complex
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TABLE 7,2
Known Complex Halides of Vanadium(ill)
Compound P e;jr£ (B. M.)a Ref
^V300°K ^90°K
[A]3VF6 (A = K, NH4, N2H5) 2.7 2.3 334-338
[A]2VF6 (A = Cs2T1, Cs2K, 2.9 3.0 325,326,339
Cs2Na, Rb2K, Rb2Na)
[Cr(NH3 )6 ]VF6 - - 339
[a]2 [vf5 (h2o)] -
(A = Tl, NH4, Rb, Cs) - - 340,341,343
(A = K) 2.7 2.5 338,340,341
[A]2[VF 5]
(A = K, Rb, Cs) - - 341
[N2H6] [VF 5] - - 342
[A][VF4 (H20)2]
(A = NH4, C s ) - - 343,344
(A = Rb) 2.8 2.7 338
[A][VF4] (A = NH4, Rb) - - 345-347
[a]3 [v2ci9]
(A = Cs, Et2NH2, Et4N) 2.5 2.0 348-350
[a]3 [VClg]
(A = K, Rb, Cs, PyH) 2.7 2.2 150,351
A2VC15 .6H20
(A = Rb, Cs) - - 352
A2VC15 .4H20 (A = K) - - 328
(A = Cs) 2.8 2.7 330,331
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TABLE 7.2 Continued
Known Complex Halides of Vanadium(III)
Compound V eff(B.M.)a 
300°K 90°K
Ref
[a]2 [vci5 (h2 0 )]
(A = K, Rb, Cs, NH4)
[a]2 [vci5]
(A = K, NH4)
(A = Rb, Cs)
AVC14 .6H20 (A = K)
(A = Rb)
KVC14 .1.5H20 
[Et4N][VC14 (L)2]
(L = Py, 0.5bipy, 0.5phen) 
[A]3 [V0C14] (A = K, Rb)
(A = Cs)
[A][VC14 (CH3CN)2]
(A = Et4N, Ph3MeAs)
(A = Ph4As)
[Et4N][VCl3Br(CH3CN)2]
[A][VC14 (CH3C02H)2]
(A = Me4N, Et4N, PyH)
[A][VC14]
(A = Et4N, Ph4As)
(A = Ph4P,■Ph3MeAs, Bun4N) 
[A = (C7H1 5)4N, (C7H1 5)3NH, 
(c8hi7 )3Nh]
2.8
2.6
2.8
2.8 
2.0
1.6
2.8
2.7
2.8
2.7
2.5
2.0
2.7
1 . 6
1.2
2.5
2.3
2.4 2.0
2.8
Not isolated, 
solution only
330.331
328.353
331.354 
329
330.331 
329
355
351
351
355
349.355 
355
151
349.355 
355, 356 
357
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TABLE 7.2 Continued
Known Complex Halides of Vanadium(lll)
Compound Ueff(B.M.)a 
^300°K ^90°K
Ref
[PyH]3 [VBr6] 
A2VBr5 .nH20  
(A = Rb, Cs, PyH; 
n = 0 ,1, 3, 5, )
[A][VBr4 (CH3CN)2]
(A = Et4N)
(A = Ph4Nf Ph3MeAs) 
[A][VBr4 (CH3C02H)2] 
(A = Me4N, Et4N) 
[Et4N][VBr4]
2.8
2 .4-2. 8 -
2.7
2.8
2.6
2.4
2.5
2.0
2.4
150
358
349.355 
355
151,358
349.355
a = approximate values
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Cs3 [Cr2Clg], the anion of which contains three bridging and six 
terminal chlorides.
Melts of KC1/VC13 and NaCl/VCl3 are believed33  ^ to contain the
reddish-purple K3 [VClg] and Na3 [VClg] salts. Gruen and Mcbeth1^
characterised different oxidation states of vanadium
spectrophotometrically in a LiCl-KCl eutectic and deduced the
3_
existence of octahedral [VClg] at 400°C from absorption bands 
at 11000 and 18020 cm"^. These transitions agree well with a 
value of 12000 cm"-*- for lODq. At higher temperature than 400°C, 
the spectrum indicated an equilibrium between octahedral and 
tetrahedral anions:
[VC16]3~ s [VC14]“ + 2C1”
The complex anions [VXg]3” (X = Cl or Br) were first isolated13^
in 1967 as pyridinium salts. The prominent bands in the 
reflectance spectrum of the chloro derivative are two bands at 
11400 and 18000 cm“  ^ which are typical for octahedral
vanadium(III) compounds, and are assigned to the lg * 2g'
and T^-^ g(F) -- > 3T^g(P) transitions. Clark et al . 333 calculated
lODq to be 12800 cm” 1 for the [VClg]3” ion, which is well in
accord with the value of 12000 cm” 1 for this ion in a LiCl-KCl
eutectic at 400°C.
The electronic spectra, magnetic moments and X-ray powder
o4q —
photographs of the tetrahalo complexes ' demonstrate
conclusively that the [VC14]” ions are tetrahedral, as might be
expected for four coordinate vanadium(III) ions.
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The band positions in the reflectance spectra show considerable 
shifts to lower frequencies as compared to six coordinate 
vanadium(III) complexes. However, the spectrum of [Et^N][VC14] 
is different from those of salts of the tetrahedral [VC14]~ ions, 
and shows that the vanadium(III) ions are in a distorted 
octahedral environment.
Scaife3 33 compared powder photographs of the compounds A[MC14] 
(A = Ph^P, and Ph^As; M = Al, Ga, In, Tl, V and Fe) and suggested 
that they form an isomorphous series, with the [MCl^ ]"" ions 
having slightly distorted tetrahedral structures. From X-ray 
powder diffraction results for the compounds Et4N[VClxBr4_x] (x = 
4,3,0), [A][VCI4 ] (A = Ph3MeAs, Ph^As) it was deduced3 33 that
Ph4As[VCl4] is isomorphous with the analogous iron(III) complex. 
The complete crystal structure of the latter is known and the
anion is an almost regular tetrahedron with Fe-Cl bond distances
0
of 2.19 A.
A series of bromo complexes of vanadium(III) (Table 7.2) was
O C Q
studied. The reflectance spectra of the penta- and triaquo-
complexes are all very similar in respect of position of bands 
(ca. 15000, 21000, 31000 cm” 1 typical of octahedrally coordinated 
vanadium(III)). The ligand field approximates to 4H30 and 2Br” 
as nearest neighbours. Spectra of the monoaquo and anhydrous 
pentabromovanadates(III) are considerably shifted to lower wave 
number as compared to penta- and tri-aquo complexes and indicate 
that the vanadium ion in these complexes has six bromide ions as 
nearest neighbours. The simplest formulations suggested for these
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compounds are M4 [ V2Bt1q] 2 ^ 0  and M^V^Br^g] in which VBrg
octahedra share on edge. No single crystal structure has been
established for these species.
Several copper, nickel and chromium halide or acetate compounds
containing acetic acid were isolated, but in all cases the acid
i siappeared to be present only as solvate. However, the acid was
assumed to be coordinated directly to the metal in the
titanium(lll) compound CS2 [TiCl^(CH3CO2H)]. But now many
complexes [A][MX4 (CH3C02H)2 ] (A = Et4N, M = Ti, X = Cl; A = Me4N, 
Et4N, pyH, M = V, X = Cl? A = Me4N, Et4N, X = Br; A = Hquin, 
Me4N, Et4N, M = Cr, X = C1; A = Hquin, Hiquin, Et4N, X = Br) and 
[A]2 [CrCl5 (CH3C02H)] (A = Hiquin, Hpy) are known1 5 1 ' 2 2 0 ' 3 5 8 in 
which acetic acid is complexed.
The reaction between vanadium(III) halides and acetic acid or
propionic acid yields carboxylates of the general formula
V3 (0H)(OCOR)g? under mild conditions VC1 (CH3C0 ) 2  can be 
3 62isolated. The magnetic moments of these complexes are normal 
for magnetically dilute vanadium(III) complexes, and their 
electronic spectra show that the v 111 ion has an octahedral 
environment.
363Recently, Cotton et al. 0 reported the crystal structure of one 
trinuclear vanadium(III) complex [V3 (y 3-0) (CH3C0 2 )
(CH3C0 2H)(THF)][VCl4 (CH3C0 2H)2 l which contains coordinated acetic 
acid as well as coordinated acetate. Of particular interest, 
however, is the anion [VC14 (CH3C0 2H)]“ which has an octahedral
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o
geometry with average V-Cl and V-0 distances of 2.336(11) A and
o
2.089(8) A respectively.
7.2 AIM OF WORK
The aim of this work has been to extend the knowledge of 
vanadium(ll) and vanadium(III) chemistry especially of the 
complex halides. Previously known complex halides were prepared 
from aqueous solution or from melts of the metal halides. The 
aim was to extend the range of compounds by preparations in non- 
aqueous solvents from the new vanadium(ll) complexes 
[VC12 (CH3C02H)4] and [V(CH3C02H)6 ]Br2. It was also hoped that 
single crystals suitable for X-ray diffraction investigations 
could be obtained.
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7.3 EXPERIMENTAL
All preparations were carried out under nitrogen. The solids or 
solutions of starting materials, i.e. [VCI2 (CH3C02H)4 ], 
[V(CH3C02H)6 ]Br2 and VX2 (C2H5C0 2H)n (X = Cl or Br, n = ?) were 
prepared as described in Chapter 2. VC13 and VBr3 were supplied 
by Aldrich and Alpha chemicals respectively.
7.3.1 Preparation of Vanadium(II) Compounds
1) Bis(methylammonium) bis(acetic acid)tetrachlorovanadate(ll)
To the dark blue solution of [VC12 (CH3C0 2H) 4 ] prepared from 
vanadium metal (ca. 0.50 g, 0.0098 mole) and glacial acetic acid 
(70 cm'*), methylammonium chloride (3.00 g, 0.0444 mole) was
added. The reaction mixture was heated on an oil bath at ca. 
80°C, and a small amount of pink compound which separated was 
dissolved by refluxing the reaction mixture for one hour. The 
green compound which separated from the hot greenish blue 
solution on cooling was filtered off, washed with glacial acetic 
acid (50 cm ) and dried under vacuum at room temperature for 10 
hours. It turned dark green in 10 minutes in air (Yield = 70%).
The pink product which appeared in small quantity was eventually 
found to be a hexachlorovanadate (ill) salt (see Discussion).
Calculated for: C H N Cl V
C6H20N2°4C14V 19.11; 5.34; 7.42; 37.00; 13.52%
Found 19.00; 5.43; 7.74; 37.30; 13.40%
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2) Bis(guanidinium) bis(acetic acid)tetrachlorovanadate(ll)
[VCI2 (CH3C0 2H)4 ] (1.77 g, 0.0049 mole) was dissolved in hot
glacial acetic acid (40 cm ) . To this was added guanidinium 
chloride (1.10 g, 0.0115 mole). The reaction mixture was heated 
for one hour, and a green compound separated on cooling. It was 
filtered off, washed with glacial acetic acid (50 cm*) and dried 
under vacuum at room temperature for 6 hours. The green compound 
turned brown in air in a few minutes (yield = 7 5%).
Calculated for: C H N X
C6H18N6°4C14V 16.72; 4.21; 19.49; 32.90; 11.83%
Found 17.12; 4.68; 19.11; 32.31; 11.70%
3) Piperazinium bis(acetic acid)tetrachlorovanadate(II)
[VCI2 (CH3C0 2H)4 ] (1.88 g, 0.0052 mole) was dissolved in glacial
acetic acid (50 cm ) by heating to give a light blue solution. 
To this piperazinium dichloride (1.65 g, 0.0103 mole) was added. 
The light green compound appeared on heating. The reaction 
mixture was refluxed further for one hour to complete the 
reaction. It was then cooled, filtered and the solid washed with 
glacial acetic acid (50 cm ) and dried under vacuum for 10 hours 
at room temperature. It turned yellowish brown in air (yield = 
70%).
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Calculated for: £ H N Cl V
C8H20N2°4C14V 22.94; 5.18; 7.63; 35.63; 12.71%
Found 23.95; 5.02; 6.98; 35.83; 12.32%
7.3.2 Preparation of Vanadium(ill) Compounds
1) Tetrakis(methylammonium) hexachlorovanadate(III) chloride
VCI3 (0.91 g, 0.0057 mole) was suspended in glacial acetic acid 
(25 cm*). To this methylammonium chloride (1.56 g, 0.022 mole) 
was added. The pink compound which separated on heating the 
reaction mixture redissolved on further heating, and the 
resulting green solution was allowed to cool slowly. After a few 
hours, the dark pink needles which separated were filtered off, 
washed with glacial acetic acid (30 cm ) and dried under vacuum 
at room temperature for 6 hours. They turned green in air in 15 
minutes (yield = 70%).
Calculated for: C H N Cl V
C4H24N4C17V
Found
11.24; 5.66; 13.10; 58.06; 11.93%
12.00; 5.91; 13.29; 57.80; 11.80%
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2) Preparations of crystals of tetrakis (methylammonium) 
hexachlorovanadate(lll) chloride (used in structure 
determination)
To a half portion of the dark blue solution of [VCI2 (CH3C0 2H)4 ] 
prepared by using vanadium metal (0.30 g, 0.0019 mole) and 
glacial acetic acid (100 cm ), methylammonium chloride (1.25 g, 
0.0185 mole) was added. The reaction mixture was heated gently 
on an oil bath. A pink compound which appeared was dissolved on 
further heating and the greenish blue solution was allowed to 
stand overnight. The dark pink crystals obtained were filtered 
off, washed with glacial acetic acid and dried under vacuum at 
room temperature for 10 hours. They turned green in fifteen 
minutes in air (yield = 30%).
Calculated for £ H N V
C4H2 4N4CI.7V 11.24; 5.66; 13.10; 11.93%
Found 12.17; 6.30; 14.41; 12.99%
3) Tetrakis(methylammonium) hexabromovanadate(III) 
bromide 0.5acetic acid
Method A
[V(CH3C0 2H)g]Br2 (2.00 g, 0.0035 moles) was dissolved in glacial 
acetic acid (50 cm ) by heating to give a dark green solution. 
To this was added methylammonium bromide (1.50 g, 0.0133 mole)
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and the mixture was heated in the presence of a stoichiometric 
amount of oxygen (approximately 1 00 cm air) until a dark green 
solution was obtained. The yellowish brown crystals which
appeared on cooling were filtered off, washed with glacial acetic
acid (25 cm'*) and dried under vacuum at room temperature for 8 
hours. These turned dark green in 15 minutes on exposure to air 
(yield = 50%).
Calculated for: C H N Br V
c5H26N4OBr7V 7.81; 3.40; 7.28; 72.77; 6.63%
Found 7.71; 3.55; 7.46; 72.83; 6.62%
Method B
Methylammonium bromide (1.0 g, 0.0089 mole) was added to VBr^
O
(0.80 g, 0.0027 mole) suspended in glacial acetic acid (50 cm ). 
The reaction mixture was heated under reflux for two hours. 
Yellowish brown crystals separated from reddish brown solution on 
cooling. The crystals were filtered off, washed with glacial 
acetic acid and dried under vacuum at room temperature for 8 
hours. The compound turned dark green in air (yield = 60%).
Calculated for: C H N
C5H26N4OBr7V 7.81; 3.40; 7.28%
Found 7.50; 3.75; 7.28%
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4) Tetrakls(dimethylammonium) hexachlorovanadate(III) chloride
VCI3 (0.90 g, 0.0057 mole) was suspended in acetonitrile 
(100 cm*). To this dimethylammonium chloride (1.50 g, 0.0184 
mole) was added. The reaction mixture was heated to boiling. 
The pink solid which separated from the hot solution was filtered 
off after cooling, washed with acetonitrile (50 cm ) and dried 
under vacuum at room temperature for 5 hours. It turned green in 
15 minutes in air (yield = 70%).
Calculated for: JO H N Cl V
C8H32N4C17V 19.87; 6.67; 11.58; 51.32; 10.54%
Found 19.46; 6.21; 10.96; 51.00; 11.00%
5) Preparation of crystals of tetrakis(dimethylammonium)
hexachlorovanadate(ill) chloride
[VCI2 (CH3C0 2H ) ^ 3 (2.17 g, 0.006 mole) was dissolved in hot
glacial acetic acid (30 cm*) . To this was added the 
dimethylammonium chloride (1.0 g, 0.0144 mole). The reaction 
mixture was heated gently in the presence of the stoichiometric 
amount of oxygen (ca. 100 cm° air) until all the dimethylammonium 
chloride had dissolved. The resulting green solution was shaken 
and then allowed to cool undisturbed. Dark pink crystals
appeared; they were filtered off, washed with glacial acetic acid 
(25 c m ) and dried under vacuum at room temperature for 8 hours. 
The compound turned green in air (yield = 50%).
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Calculated for: C H H
C8H32N4C17V 19.87; 6.67; 11.58%
Found 20.63; 6.21; 9.95%
6) Tetrakis(ethylammonium) hexachlorovanadate(ill) chloride
A mixture of VCI3 (1.25 g, 0.0079 mole) and ethylammonium 
chloride (2 . 0 0  g, 0.0245 mole) in acetonitrile was heated under 
reflux. The orange-pink compound which separated immediately was 
filtered off, washed with acetonitrile and dried under vacuum at 
room temperature for 5 hours. It turned green in 5 minutes in 
air. (Yield = 80%).
Calculated for: C H N £1 V
C8H32N4C17V 19.87; 6.67; 11.58 51.32; 10.54%
Found 20.60; 6.62; 11.76; 51.23; 10.40%
7) Preparation of crystals of tetrakis(ethylammonium)-
hexachlorovanadate(III) chloride
Dark blue [VCI2 (C2H5C0 2H)n] solution in propionic acid (50 cm ) 
was prepared by using vanadium metal (0.10 g). To this 
ethylammonium chloride (0.64 g, 0.0078 mole) was added. The dark 
pink crystals which separated immediately were dissolved by 
heating the mixture gently on an oil bath, and the resulting 
greenish blue solution was allowed to cool slowly. The dark pink 
crystals which were obtained were filtered off, washed with
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propionic acid (25 cm ) and then dried under vacuum at room 
temperature for 8 hours. They became green in 15 minutes in air 
(yield = 30%).
Calculated for: C H N
c8h32n4c17V 19.87; 6.67; 11.58%
Found 21.51; 6.65; 11.12%
8 ) Tetrakis(n-propylannnonium) hexachlorovanadate(ill) chloride
VCI3 (1.72 g, 0.011 mole) was mixed with propylammonium chloride 
(3.13 g, 0.0328 mole) in acetonitrile (100 cm^). It was then 
heated to boiling for ca. 30 minutes. The dark pink solid which 
separated from the hot green solution was filtered off, washed
O
with acetonitrile (50 cm ) and dried under vacuum at room 
temperature for 5 hours. It turned brown in a few minutes in air 
(yield = 70%).
Calculated for: C H N X
C12H40N4C17V 26.71; 7.47; 10.37; 45.99; 9.45%
Found 25.49; 7.23; 9.52; 46.20; 9.40%
9) Bis(n-butylammonium) pentachlorovanadate(III)
n-Butylammonium chloride (3.83 g, 0.035 mole) was added to a 
solution of VCI3 (1.38 g, 0.0087 mole) in acetonitrile (100 cm**). 
The reaction mixture was refluxed for ca. 30 minutes. Orange- 
pink crystals separated out immediately, were filtered off;
washed with acetonitrile (50 cm ) and dried under vacuum at room 
temperature for 10 hours. The crystals turned brown in air in a 
few seconds (yield = 80%).
C H N £1 V
25.52; 6.42; 7.43; 47.07; 13.54%
24.88; 5.99; 7.81; 47.50; 13.84%
10) Tris(hydrazinium) hexachlorovanadate(ill) 0.25acetonitrile
VCI3 (0.67 g, 0.0042 mole) was suspended in acetonitrile 
(50 cm^). To this hydrazinium chloride (0.90 g, 0.013 mole) was
added and then the mixture was refluxed for about 2 hours. The
dark reddish brown compound obtained on cooling was filtered off,
O
washed with acetonitrile (25 cm ) and dried under vacuum at room 
temperature for 6 hours. It turned green in 120 minutes in air 
(yield = 70%).
Calculated for: C H N £1 V
tN2H5]3[VC16]" 1.60; 4.25; 23.44; 57.01; 13.67%
0.25 CH3CN
Found 1.85; 4.62; 23.86; 57.00; 13.76%
11) Tris(pyridinium) hexachlorovanadate(III)
Q
To VCI3 ().74 g, 0.007 mole) suspended in acetonitrile (50 cm ),
the pyridinium chloride (1.63 g, 0.014 mole) was added. The
reddish pink compound which separated immediately on heating the
Calculated for:
C8H24N2C15V
Found
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reaction mixture, re-dissolved on further heating and the
resulting dark purple solution was allowed to cool slowly. The 
rose-red crystals obtained were filtered off, washed with 
acetonitrile (50 cm**) and dried under vacuum at room temperature 
for 5 hours. The compound turned green in air (yield = 80%).
Calculated for: X X X  Xi X
C15H18N3C16V 35.74; 3.60; 8.33; 42.20; 10.11%
Found 35.84; 3.68; 8.20; 42.21; 10.00%
12) Tetrakis(benzylammonium) hexachlorovanadate(III) chloride
A mixture of VCI3 (2.00 g, 0.0127 mole) and benzylammonium 
chloride (3.00 g, 0.021 mole) in acetonitrile (150 cm'*) was
heated under reflux. Orange-pink crystals separated in the hot 
solution which was cooled, filtered, and the crystals were washed
O
with acetonitrile (50 cm ) and dried under vacuum at room
temperature for 5 hours. The compound turned brown in 5 minutes 
in air (yield = 70%).
Calculated for: C X X  Xi X
C28H40N4C17V 45.95; 5.51; 7.65; 33.91; 6.97%
Found 46.59; 5.93; 8.29; 33.00; 6.70%
13) Hexakis(anilinium) hexachlorovanadate(III) trichloride
VCI3 (1.60 g, 0.010 mole) was dissolved in glacial acetic acid by 
heating to give a green solution. To this was added the
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anil in ium chloride (4.00 g, 0.0031 mole). The pink solid which 
separated immediately on refluxing the reaction mixture was 
filtered off on cooling, washed with glacial acetic acid (50 cm ) 
and dried under vacuum at room temperature for 10 hours. It 
turned green in 5 minutes in air (yield = 80%).
Calculated for: C H N Cl V
C36H48N6C19V 46.25; 5.17; 8.89; 34.13; 5.45%
Found 46.87; 5.40; 8.97; 34.10; 5.40%
14) Bis(dimethylammonium) mono(acetic acid)pentachloro-
vanadate(III)
VCI3 (1.50 g, 0.0095 mole) was suspended in glacial acetic acid 
(75 cm*). To this dimethylammonium chloride (2.63 g,
0.0380 mole) was added. The reaction mixture was heated until 
all reactants had dissolved. The dark pink crystals obtained 
from the green solution on cooling were filtered off, washed with 
glacial acetic acid (30 cm ) and dried under vacuum at room 
temperature for 5 hours. The pink compound turned green in air 
in 10 minutes (yield = 80%).
Calculated for: C H N Cl V
c6h2on2°2c15V 18.94; 5.29; 7.35; 46.59; 13.40%
Found 18.99; 5.99; 7.42; 46.35; 13.34%
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15) Bis(ethylammonium) mono(acetic acid)pentachlorovanadate(III)
VCI3 (1.70 g, 0.0180 mole) was dissolved in glacial acetic acid 
(75 cm ) by heating to give a green solution. To this was added 
the ethylammonium chloride (2.63 g, 0.0322 mole). The reaction 
mixture was heated until all the ethylammonium chloride was 
dissolved. Dark pink crystals separated on cooling; they were 
filtered off, washed with glacial acetic acid (50 cm*) and dried 
under vacuum at room temperature for 5 hours. The crystals
turned green in 5 minutes in air (yield = 65%).
Calculated for: X X X  Xi X
C6h20N2°2C15V 18.94; 5.29; 7.35; 46.59; 13.40%
Found 18.73; 5.55; 7.35; 46.00; 13.51%
16) Bis(n-propylammonium) pentachloromono(propionic acid)- 
Vanadate(III)
VCI3 (1.27 g, 0.0080 mole) was dissolved in hot propionic acid 
(100 cm*). To this was added the n-propylammonium chloride 
(3.00 g, 0.0314 mole). The pink compound which separated 
immediately was redissolved by heating slowly on an oil bath and 
the resulting dark green solution was allowed to cool. Dark pink 
needles separated and were filtered off, washed with propionic 
acid (50 cm*), and dried under vacuum at room temperature for 8 
hours. The compound turned green on exposure to air in 10 
minutes (yield = 60%).
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Calculated for: C H N Cl V
C9H26N2°2C15V 25.58; 6.20; 6.63; 41.95; 12.07%
Found 24.95; 6.70; 7.39; 42.00; 12.09%
17) Bis(n-butylammonium) pentachloromono(propionic acid)- 
vanadate(III)
VCI3 (1.49 g, 0.0094 mole) was dissolved in hot propionic acid. 
This was added to the solution of n-butylammonium chloride 
(3.11 g, 0.028 mole) in propionic acid (20 cm'*). The dark pink 
compound which separated immediately was dissolved by heating to 
give a dark green solution. From this dark pink crystals 
separated on cooling; they were filtered off, washed with
o
propionic acid (50 cm ) and dried under vacuum at room 
temperature for 7 hours. The crystals turned green in air 
(yield = 60%).
Calculated for: C H N
C11h30N2°2C15V 29.32; 6.71; 6.21%
Found 31.41; 7.52; 6.46%
18) Other Preparative Methods
Attempts were made to prepare some other vanadium(ll) (Table 7.3) 
and vanadium(III) (Table 7.4) complexes, but except for the first 
two known vanadium(II) compounds either the analyses did not 
agree with the formula or no solid was obtained.
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7.4 RESULTS AND DISCUSSION 
7.4.1. PREPARATION
All vanadium(ll) chloro compounds have been prepared by the 
stoichiometric addition of the cation salt to [VCI2 (Cr^CC^H)^] as 
a solid or in solution obtained as described in Chapter 2.
During the preparations of the vanadium(ll) complexes small 
amounts of pink crystalline solids were isolated as byproducts. 
These were first thought to be vanadium(ll) compounds because 
their C, H, and N analyses fit best with the general formula 
A^[VClg] (A = MeNHg, EtNHg or Me2NH3 ). But on analysis for V11 
it was found that these samples did not contain any. The 
reflectance, solution and far i.r. spectra and the magnetic 
moment data also support this result, since all are typical for 
vanadium(III). Finally, the single crystal structure of 
[MeNH3 [VClg]Cl confirmed that these are vanadium(III) 
complexes.
It appears that according to the experimental conditions, 
vanadium(III) compounds are being formed from traces of oxygen or 
though oxidation by H+ from the acetic acid or propionic acid, 
possibly catalysed by traces of impurities arising from the 
metal. The former reason seems to be more likely since similar 
compounds were isolated in greater yield by the addition of 
stoichiometric amounts of oxygen to the reaction mixture. To 
confirm their composition, the pink complexes were also prepared 
by the reaction of VCI3 with the appropriate substituted ammonium
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salt and several additional complexes were prepared by this 
route. Some halogeno compounds in which acetic or propionic acid 
is coordinated were also obtained.
7.4.2 Magnetic Properties
The variation with temperature in the range 295-90°K of the 
atomic susceptibilities an<^  effective magnetic moments
(yeff) of the v «  and V111 compounds are listed in Table 7.5 and 
7.6 respectively, and a few examples are shown in Figures 7.1- 
7.4.
7.4.2.1 Vanadium(II) Compounds
The magnetic moments of all compounds are near the spin-only 
value (3.87 B.M.) and almost invariant with temperature as 
expected for magnetically-dilute vanadium(ll) complexes having 
mononuclear structures.
[C(NH2 )3 12 [VC14 (CH3C0 2H)2] obeys the Curie law (0 = 0 )  while
complexes containing methylammonium and piperazinium cations obey 
the Curie-Weiss law with small 6 values (11° and 2°) 
respectively, which may be due to minor anti-ferromagnetic 
interactions. This behaviour has also been observed in other 
mononuclear vanadium(ll) complexes.
7.4.2.2 Vanadium(lll) Compounds
The magnetic properties of a few tervalent vanadium complexes 
have been investigated over a range of temperature. The magnetic 
moments for all the vanadium(III) complexes except [pyH^tVClg]
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(2.91 B.M.) are in the range 2.15-2.82 B.M. at room temperature. 
These moments are below the spin-only value (2.87 B.M.) for the 
3d configuration and decrease markedly with temperature. The 
magnetic susceptibilities follow the Curie-Weiss law with 
appreciable 0 values (13-100°). Since hexahalo vanadate(III) 
complexes would be expected to be magnetically dilute, the fairly 
large 0 values arise from a variation of magnetic moments 
produced by a combination of distortion and delocalisation 
effects and spin-orbit coupling. Similar magnetic behaviour has 
been observed for many other octahedral vanadium(III) 
complexes. 1 5 1 ' 3 3 1 ' 3 3 8 ' 3 4 9 ' 3 5 1 ' 3 6 4 However, in [BunNH3 ]2 [VC15] 
chloride bridges may be present so in this case the large 
reduction in magnetic moments may be partly a consequence of 
metal-metal interaction.
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TABLE 7.5
Magnetic Susceptibility Data for Vanadium(II) Compounds 
Compound T(°K) \  1/XA Peff
x 106 x 10" 2 (B.M.)
[CH3NH3} 2 [ VC14 (CH3C02H) 2 ]
e = n o
Diamagnetic correction = -305 
[C(NH2)3]2[VC14(CH3C02H)2]
e = o
Diamagnetic correction = -205
[c4h12n2 ][vci4 (ch3co2h)2] 
0 = 2 °
Diamagnetic correction = -212
295.5 6802 1.470 4.00
263 7522 1.329 3.97
231 8476 1.179 3.95
199 9736 1.027 3.93
167 11425 0.875 3.91
137 13976 0.715 3.91
105.5 17836 0.560 3.88
91.5 20530 0.487 3.87
— 6x 10 e.g.s. units per mole
293 6419 15.578 3.87
263 7224 13.842 3.89
231 8213 12.175 3.89
199.5 9467 10.563 3.88
168 11261 8.880 3.88
137 13847 7.221 3.89
105 17990 5.558 3.88
91 20649 4.842 3.87
1 0 ~ 6 c.g.s. units per mole
295 5701 1.754 3.66
263 6397 1.563 3.67
230 7500 1.333 3.71
199 8656 1.155 3.71
167 10203 0.980 3.69
136 12661 0.789 3.71
104 16233 0.616 3.67
90 18768 0.533 3.67
1 0 “ 6 c.g.s. units per mole
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Fig. 7.1
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TABLE 7.6
Magnetic Susceptibility Data for Vanadium(III) Compounds
Compound
[CH3 NH 3 ]4 [VClg]Cla 
0 = 74°
Diamagnetic correction = -257 
[CH3NH3 ]4 [VBr6 ]Br.0.5CH3C02Hb
9 =  100°
Diamagnetic correction = -232
[(ch3 )2nh2 ]4 [VC1 6 ]Clc
9 = 44°
Diamagnetic correction = -304 
[C2H5NH3 ]4 [VCl6 ]Cld
0 = 67°
1^XA yeff
x 106 x 10~ 2 (B.M.)
295 2945 3.395 2.63
263 3285 3.044 2.62
231 3579 2.794 2.57
199 3987 2.508 2.52
168 4496 2.224 2.45
137 5124 1.951 2.37
105 6132 1.630 2.27
90.5 6720 1.488 2 . 2 0
1 0 " 6 c.g .s. units per mole
295 3083 3.240 2.69
263 3309 3.020 2.64
230 3620 2.760 2.58
199 3956 2.527 2.50
165 4423 2.260 2.41
136 5031 1.987 2.33
104 5990 1.669 2.23
89 6522 1.533 2.15
1 0 “ 6 e g .s. units per mole
295 3386 2.953 2.82
263 3712 2.694 2.79
230 4106 2.435 2.75
198 4567 2.189 2 . 6 8
165 5297 1 . 8 8 8 2.64
136 6286 1.590 2.61
104 7742 1.292 2.53
89 8825 1.133 2.50
•0
V
D10
 
1—1 ,s. units per mole
295 3124 3.201 2.71
263 3399 2.942 2.67
231 3674 2.722 2.60
199 4014 2.491 2.52
167 4599 2.174 2.48
136.5 5336 1.874 2.41
106 6547 1.527 2.35
92 7360 1.358 2.32
Diamagnetic correction = -305 x 10“6 e.g.s. units per mole
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TABLE 7.6 continued 
Magnetic Susceptibility Data for Vanadium(III) Compounds
Compound
[e3H7NH3 ]4 [VCl6]Cl 
9 = 34°
Diamagnetic correction = -352
[c4h9nh3]2 [vci5]
0 = 40°
Diamagnetic correction = -217 
[N2H5 ] 3 [Vde ] 0 . 2 5ch3cN
0 = 33°
Diamagnetic correction = -190 
[C5H5NH]3 [VC16]
0 = 15°
Diamagnetic correction = -270
T(°K) XA
x 1 0 6
1A A
x 1 0 “ 2
e^f:
(B.M
295 3112 3.210 2.70
263 3388 2.950 2 . 6 6
230 3844 2.600 2 . 6 6
198 4293 2.330 2.60
165 4993 2 . 0 0 0 2.56
136 5976 1.673 2.55
104 7427 1.346 2.48
89 8332 1 . 2 0 0 2.43
1 0 “ 6 c.g.s. units per mole
295 2679 3.732 2.51
263 2946 3.394 2.48
230 3276 3.052 2.45
198 3678 2.718 2.41
165 4263 2.346 2.37
136 5120 1.953 2.35
104 6370 1.570 2.30
89 7214 1.386 2.26
1 0 " 6 c.g .s. units per mole
295 2789 3.585 2.56
263 3068 3.260 2.54
230 3412 2.930 2.50
198 3847 2.600 2.46
165 4458 2.243 2.42
136 5335 1.874 2.40
104 6 6 8 8 1.495 2.35
89 7611 1.313 2.32
1 0 " 6 e.g..s. units per mole
295 3596 2.780 2.91
263 4026 2.483 2.91
230 4447 2.248 2 . 8 6
198 5160 1.938 2 . 8 6
165 6082 1.644 2.83
136 7389 1.353 2.83
104 9457 1.057 2.80
89 10743 0.931 2.76
1 0 " 6 c.g. s. units per mole
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TABLE 7.6 continued 
Magnetic Susceptibility Data for Vanadium(III) Compounds
Compound
t c 6 H5 NH3 ^ 6 t V C 1 6 ^ C 1 3 
e = 85°
Diamagnetic correction = -570 
[c6h5ch2nh3 ]4 [vci6]ci
e = 13°
Diamagnetic correction = -366 
[(CH3)2NH2]2 [VC15(CH3C02H)]
e = 34°
Diamagnetic correction = -213 
[C2H5NH3]2[VC15(CH3C02H)]
0 = 72°
TCK) XA 1/XA yeff
x 106 x 10" 2 (B.M.)
295 2708 3.690 2.52
263 3001 3.332 2.51
231 3127 3.198 2.40
198.5 3546 2.820 2.37
165 4091 2.444 2.32
136 4636 2.157 2.24
104 5453 1.830 2.13
90 5915 1.690 2.06
1 0 “ 6 c.g .s. units per mole
295 2399 4.168 2.37
263 2684 3.725 2.37
231 3023 3.308 2.36
198 3481 2.872 2.34
165 4126 2.420 2.33
136 4939 2 . 0 2 0 2.31
104 6343 1.570 2.29
89 7301 1.370 2.28
1 0 “ 6 c.g,.s. units per mole
295 2615 3.824 2.48
263 2847 3.512 2.44
231 3140 3.184 2.40
198.5 3519 2.841 2.36
165 4020 2.487 2.30
136 4815 2.076 2.28
104 5960 1.677 2 . 2 2
90 7785 1.284 2.36
1 0 “ 6 c.g., s. units per mole
295 3094 3.232 2.70
263 3364 2.972 2 . 6 6
231 3645 2.743 2.59
198 4097 2.440 2.55
165 4577 2.185 2.45
136 5337 1.873 2.40
104 6450 1.550 2.31
89 7238 1.381 2.26
Diamagnetic correction = 213 x 10”  ^c.g.s. units per mole
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TABLE 7.6 continued
Magnetic Susceptibility Data for Vanadium(III) Compounds
Compound T(°K) XA
x 1 0 6
1/XA 
x 10*"2
yeff
(B.M.)
[c3h7nh3 ]2 [VClg(C2H5C02H)3 295 2768 3.612 2.55
263 3015 3.316 2.51
231 3387 2.952 2.50
198.5 3827 2.613 2.46
165 4346 2.300 2.39
136 5170 1.934 2.37
104 6581 1.519 2.33
e = 4 3 ° 90 7456 1.341 2.31
Diamagnetic correction = -248 x 1 0 ” 6 c.g.s. units per mole
[(ch3 )2nh2]2 Ivci5 (c2h5co2h)] 295 1962 5.096 2.15
263 2158 4.634 2.15
231 2401 4.165 2 . 1 0
198 2745 3.643 2.08
165 3196 3.129 2.05
136 3805 2.628 2.03
104 4783 2.090 1.99
0 = 29° 89 5417 1.846 1.96
Diamagnetic correction = -272 x 1 0 ” 6 c.g.s. units per mole
a = prepared as in 2 »
b = Prepared as in 3A.
c = Prepared as in 4.
d = Prepared as in 7.
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7.4.3 REFLECTANCE SPECTRA
The reflectance spectra of vanadium(II) and vanadium(III) 
compounds with assignments are given in Table 7.7 and a few 
examples are reproduced in Figures 7.5-7.8 .
7.4.3.1 Vanadium(II) Compounds
The quartet terms and ^F arising from the 3d^ configuration 
are split in an octahedral field as shown in Figure 1.2. The 
three transitions mentioned there are usually observed in
1 o cz
octahedral vanadium(ll) complexes with six identical ligands.
No Jahn-Teller distortion is expected, but in the case where non­
identical ligands are coordinated, the tetragonal field gives 
rise to further splitting as illustrated in Figure 1.2.
The diffuse reflectance spectra of all compounds are very similar 
in shape and position of bands. Three bands observed at ca.
10000, 15000 and 26500 cm-  ^are assigned to the  ^^T2g^Vl^ '
4A2g  } 4Tlg (v2) and 4A2g » 4Tig(p)(v3) transitions. The
spectra resemble those of previously reported vanadium(Il) 
complexes^^' for which trans-octahedral and chloride-
bridged, octahedral structures have been suggested.
According to the spectrochemical series, the ligand field
220strength of acetic acid is greater than that of chloride. 
Using the band positions observed in the spectra^' ^ 16 0£
[VClg]^" and [vCCHgC^H) ^+, the average ligand field values are 
estimated which lead to band positions at ca. 10000, 15300 and
23500 cm”  ^ for the [VCI4 (CH3CO2H] ion. These values are
-293-
consistent with the observed band positions in the spectra of the 
vanadium(II) compounds reported in Table 7.7.
The spectra of these compounds can also be compared with the
Q4.spectrum of octahedral [VCI2 (CHjCC^H)^]^ in which these bands 
are observed at ca. 12000, 17000 and 27000 cm-1. The lower band 
energies in our compounds would be expected due to the lower 
ligand field strength of 4 chloride and 2 acetic acid molecules. 
Thus an octahedral environment of four halide ions and two acetic 
acid molecules around the vanadium(ll) ion can be suggested.
7.4.3.2 Vanadium(III) Compounds
For octahedral vanadium(III), the triplet ground term F splits
•3 *3 *3
into three components Tigf T2g anc^  2g' as sh°wn in Figure 1.3 
There is also a P term which becomes Tig in an octahedral 
field. The electronic spectra of complexes should consist of 
three spin-allowed d-d transitions? 3T-^ g(F)  ^^T2g^F^ V l^ ,
3Tlg(F) — > 3Tlg(P)(v2)' 3Tlg(F) -- > 3A2g(F) (v3). Usually, the
third band is not observed as it is weak and frequently masked by 
charge-transfer transitions. 1 4 3 ' 3 64
The reflectance spectra of the compounds reported here are very 
similar and show three bands, (Table 7.7) like other octahedral 
halogeno vanadate(lll) complexes. 1 6 ® ' 1 6 1 ' 3 3 1 , 3 6 3 Therefore, 
these bands can be assigned to the v-^ , \>2 and transitions. 
Slightly lower frequencies are observed for
[CHgNH^^tVBrglBr.O.SCHgCC^H which is in accord with the position 
of bromide in the spectrochemical series. With regard to the
-294-
assignments, however, it should be pointed out that a number of 
vanadium(lll) bromide complexes including [pyH^tVBrg] have been 
shown to exhibit a strong absorption band in the 23000 cm” 1 
region; this has been assigned to a Br(Tf)  charge-transfer
Q c o
transition.
The spectrum of [BunNH3 ]2 [VCI5 ] shows band positions similar to 
those observed for the other compounds which contain [VClg] , 
suggesting an octahedral environment for the vanadium ion through 
chloride bridging.
The spectra of compounds containing coordinated acetic acid or 
propionic acid indicate that the vanadium is coordinated to 5 Cl” 
and one oxygen of a CC^H group. From the spectra of the hexa-
C I
acetic acid complexes of nickel and cobalt, it was foundJ that 
ligand field strength of acetic acid is slightly greater than 
that of urea. Using these results and band positions for 
[V(urea)g]3+, Podmore and Stoessiger131 estimated that the ion 
[vCCHgCC^H)g] 3 + should have ligand field bands at ca. 16000 and 
24500 cm"'*-. On the basis of these values and those reported for 
the [VC16]3” ion13® band positions are calculated at ca. 12200 
and 19000 cm” 1 for the ion [VCI5 (CH3CO2H)]^”, which agree closely 
with the observed values (Table 7.7).
7.4.4 Solution Spectra of Vanadium(II) and Vanadium(III)
Compounds
To confirm the oxidation state of the vanadium compounds the 
aqueous solution spectra of [CH^NP^^ [VC1^(CH3C0 2H)2 ] (green) and
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[CHgNHg]4 [VClg]Cl (pink) have been recorded before oxidation 
(under nitrogen) and after oxidation by exposure to air for 1 
hour. The results are presented in Table 7.8 and Figures 
7.9 -7.10.
The purple solution of [CH3NH3 ]^[VCI4 (CH3CO2H)2 ] turns to 
yellowish brown while the yellowish brown solution of 
[CHgNHgl^tVClgjCl does not change colour on exposure to air. The 
aqueous solution spectra of both compounds are markedly different 
from their respective solid state spectra (Table 7.7). However, 
the spectra resemble closely the spectra of the [Vt^O)^] and 
[V(H2 0 )g]^+ ions^~*' respectively. It seems that in both
solutions 6 H2O molecules displace the ligands as might be 
expected.
It is also interesting to note that the spectrum of 
[CH3NH3 ]4 [VClg]Cl in aqueous solution resembles the oxidised 
aqueous solution spectra of [CH3NH3 ]2 [VCI4 (CH3CO2H)2 ]• These 
observation suggest the oxidation state (II) ,and (ill) in the 
green and pink compounds respectively.
7.4.4 Infrared and Far Infrared Spectra of Vanadium(II) and 
Vanadium(III) Compounds
The infrared and far infrared spectra of all vanadium(ll) and 
vanadium(III) compounds are recorded in Table 7.9 and examples 
are shown in Figures 7.11-7.14.
Spectra in the region 4000-600 cm“  ^have not been reported except 
for bands arising from coordinated acetic or propionic acid, 
because otherwise they show bands due to the organic cations 
only. The infrared spectra of all vanadium(Il) and vanadium(III)
-302-
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compounds of type [A]2 [VCI5 (B)] (A = Me2NH2 , EtNHg, B = CH3CO2H;
A = PrnNH3 , BunNH3 , B = C2H5CO2H) show one strong peak in the
region 1650-1670 cm”* (Fig 7.15) due to the presence of
coordinated carboxylic acid assignable to v (c=0 ) .  This band is
found at much lower frequency in these compounds than in the free
acid (ca. 1720-1760 cm”*).^* A significant lowering of v(C=0)
on coordination to the metal has been reported for several acetic
1 R1 99flacid compounds, ' suggesting unidentate coordination through
the carbonyl-oxygen. However, the 0-H stretching vibration
cannot be assigned due to overlap with v (n-H) bands 
The strong bands observed in the regions 260-270 cm”* and 310-320 
cm”* in the spectra of vanadium(ll) and vanadium(III) compounds 
respectively are assigned to v(v-Cl) vibrations. The band at 230 
cm”* in the bromo derivative of vanadium(III) is attributed to 
V(v-Br). These bands are in agreement with those reported
previously for octahedral vanadium(II)*^ and vanadium(III) 
compounds.*53*331,355 However, the v(v-Cl) bands of the
vanadium(ll) compounds are at lower wave number than those of 
vanadium(III) compounds as would be expected from the lower 
oxidation state and longer metal-halogen band.
Spectra of compounds containing coordinated acetic acid or 
propionic acid show bands in the region 400-480 cm”* assigned to 
V-0 stretching vibrations. Similar bands have been observed for 
other octahedral metal complexes containing coordinate acetic
-306-
TABLE 7.9
Important Infrared Bands (cm”*) of Vanadium(II) and 
Vanadium(III) Compounds
Vanadium(II) Compounds V (c=0) v(v-x) V(V-O)
[CH3NH3 ]2 [vci4 (ch3co2h ) 2 3 1670s 270s 480s
[C(NH2)3 ]2 [VC14 (CH3C02h)2] 1650s 270s 450w
[g4h12n2 ][vci4 (ch3co2h)2] 1670s 260m 450s
Vanadium(III) Compounds
[CH3NH3 ]4 [VC16 ]C1 310s
[CH3NH3 ]4 [VBr6 ]Br.0.5CH3C02H 230s
[(ch3 )2nh2 ]4 [vci6]ci 320s
[c2h5nh3 ]4 [vci6]ci 320s
[c3h7nh3 ]4 [vci6]ci 310s
[C4H9NH3 ]2 [VC15] 330s
[N2h5 ]3 [VC16 ]0.25CH3CN 310br
[c5h5nh]3 [vci6] 320s
[C6H5NH3 ]6 [VC16 ]3C1 310s
[c6h5ch2nh3 ]4 [vci6]ci 310s
[ (CH3) 2NH2 ]2 [vc:!-5(CH3C02H) ] 1660s 320s 475m
[c2h5nh3]2 [vci5(ch3co2h)] 1660 s 310s 405m
[c3h7nh3]2 [vci5(c2h5co2h)] 1660s 310s 400m
[C4H9NH3]2 [VC15 (c2h5co2h)] 1660s 310s 400m
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Fig. 7.11
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Fig. 7.13 
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7.4.6 The Crystal and Molecular Structure of
Tetrakis(methylammonium) Hexachlorovanadate(III)
Chloride
A few structural investigations have been carried out on
vanadium(II) and vanadium(III) halide complexes but none on 
hexachloro or hexabromo complexes. Now we are able to report the 
first structure of a magnetically-dilute tetrakis(methylammonium) 
hexachlorovanadate(III) salt prepared as (2) described in this 
Chapter.
The formulation as [CH3NH3 yvcig] Cl has been confirmed by the
single crystal investigations. The crystals are pink needles of 
approximate dimension (0.3 x 0.2mm) which are extremely air 
sensitive. Single crystals were loaded into Lindemann
capillaries as described in Chapter 2. Crystallographic studies 
were carried out by Dr. V. Ramdas and Dr. D. C. Povey.
The cell parameters were obtained by the least squares refinement
of 25 reflections (13^9^15) on an Enraf-Nonius CAD4 
diffractometer. The refinement converged at R = 0.044.
The Crystal Data: C4H2 4N4VCI7 , Mr = 409.2, monoclinic, space
group P2/n, a = 15.968(4), b = 7.295(3), c = 16.030(4) A, 3  =
103.60(3)°, Dc = 1.498 g cm"^, Mo-K radiation (X = 0.71069 A),
0 o
|j -115.542 A, F(000) = 800.1, room temperature, V = 1815.0 A,
final R = 4.4%
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The atom numbering scheme is shown in Fig. 7.16. The important 
interatomic distances and angles are listed in Table 7.10.
Fig. 7.16 shows that the structure consists of vanadium atoms 
octahedrally coordinated by six chlorine atoms without any 
bridging. The seventh chlorine atom is outside the coordination 
sphere and four methylammonium chloride cations are situated
O _
around the [VClg] anions.
A V-Cl band lengths are essentially equal with an average of
o
2.38 A which is very close to those found in other chloro 
complexes of vanadium(III) (Table 7.11). Analogous structures
3 _
can be assumed for the other compounds containing [VClg] and 
[VCI5 (Acid)] anions. However, the salt [BunNH3 ]3 [VCI5 ] may 
contain chloro-bridges.
Single crystals of [EtNH3 ]4 [VCl6]Cl and [CH3NH3 ]2 [VC15 (CH3C02H)] 
have also been submitted for X-ray structure determination. 
However, no suitably crystalline vanadium(ll) compounds were 
isolated for structural studies. The vanadium(Il) complexes 
probably contain discrete trans-octahedral anions
[VCl^C^CC^Hy2” separated by organic cations A (Fig. 7.17).
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TABLE 7.10
Bond Distances(A) and Bond Angles(°). 
(Estimated Standard Deviations in Parentheses)
vd)-ci(i)
V(1)-Cl(2) 
V( 1)-Cl(3) 
V(2)-Cl(4) 
V( 2)-Cl(5) 
V( 2)-Cl(6 )
2.387(2)
2.381(1)
2.384(2)
2.382(2)
2.401(2)
2.379(2)
N(1)-C(1) 1.465(12) 
N(2)-C(2) 1.476(12) 
N(3)-C(3) 1.469(12) 
N(4)-C(4) 1.473(13)
Cl(1)-V(1)-Cl(2) 
Cl(1)-V(1)-Cl(3) 
Cl(2)-V(1)-C1(3) 
Cl(4)-V(2)-Cl(5) 
Cl(4)-V(2)-Cl(6) 
Cl(5)-V(2)-Cl(6 )
90.39(6)
90.22(6)
90.05(6)
89.41(6)
89.92(6)
89.89(6)
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TABLE 7.11
Vanadium(lll) Compounds of Known Structure Containing V-Cl Bonds 
Compound V-Cl bond length in A Ref
[v3 (u-o) (ch3co2)6- 
(ch3co2h)2 (thf)]-
[VC14 (CH3C02H)2] 2.336 363
[VC12 (H20)4 ]C1.2H20 2.361 365
Cs2 [VCI2 (H2O)4 ]CI3 2.361 366
Cs3 [VC12 (H20)4 ]C14 2.377 333
[CH3NH3 ]4 [VC16 ]C1 2.385 This
work
-316-
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CHAPTER 8
VANADIUM(II) COMPLEXES WITH AROMATIC DIAMINES
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8.1 INTRODUCTION
Many complexes of the bivalent metal ions of the first transition 
series with amines have been isolated. ' '  However, the 
chemistry of vanadium(II) with amines is little known. 73
In 1933 Ephraim and Amman^® reported that anhydrous vanadium(Il) 
chloride and bromide each absorb approximately 5.7 moles of 
gaseous ammonia at 20°C, presumably forming mainly the hexa- 
amminevanadium(ll) halide. It was confirmed368 that vanadium(ll) 
chloride does not react with liquid ammonia at -33°C, but at room 
temperature it reacts slowly giving purplish-brown 
VCNHg)^ 4cli.g- The bromide [VCNH^^B^ was isolated from 
solutions of [V(H2 0 )g]Br2 in ethanol by bubbling NHg through or 
by condensing NH3 on to the hexahydrate. The X-ray powder 
pattern indicates that it is isomorphous with [NiCN^JgjB^.
O 7f)
Fowles and Lanigan reported /u that vanadium(ll) chloride reacted 
slowly with methylamine to give [vCMeN^)5 ]CI2 • Attempts to 
prepare compounds with EtN^, PrnNH2 , Me2NHf and Et2NH failed.
Complexes of various aliphatic diamines with transition metal 
ions have been extensively investigated. Ethylenediamine is the 
best known member of the diamines which in general form high-spin 
complexes with the metals of the first transition 
series. 3 , 3 8 , 1 4 7 ' 3 6 7 , 3 7 1 , 3 7 2
Larkworthy et ai90,136 prepared several series of vanadium(ll) 
complexes of the types [V(L)3 ]X2 .H2 0 (L = en, X = Cl; L = 1,2- 
propanediamine, X = Cl, Br or I; L = 1,3-propanediamine X = I),
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[V(L)3 ]X2 (L = en, X = Br or I; L = 1,3-propanediamine, X = Cl or 
Br) and [V(dien)2 lX2 (X = Cl, Br or I) by mixing ethanolic 
solutions of the amine and the hydrated vanadium(Il) halide.
All the compounds above have effective magnetic moments close to 
spin-only value (3.87 B.M.) which vary little with temperature as 
expected for magnetically-dilute vanadium(II).
The reflectance spectra of the vanadium(II) compounds are 
generally similar, consistent with the absence of halide 
coordination. They show two spin-allowed d-d bands at ca. 15000
and 2 1 0 0 0 cm*"1 which are assigned to the --* ^T2g^l^ anc^
^A2g *4Tig(F)(V2  ^ transitions, typical for regular octahedral 
vanadium(II). However, the region where the third transition
4A2g  * 4Tig(P) 0^3 ) is expected to be dominated by ligand
absorptions for all except [V(en)3 ]X2 f for which a shoulder at 
ca. 32000 cm- 1  is attributed to ^ 3 . The frequency of ^  (at
about 15500 cm”1) corresponds to the value of the ligand field 
splitting parameter, lODq.
In addition, several vanadium(ll)-heterocyclic amine complexes 
have been reported. 7 3 , 8 6 , 1 3 6  These complexes are also
magnetically-dilute except for a few which show considerable 
antiferromagnetic interaction because of polymeric structures. 
Their reflectance spectra are more complicated and mostly
dominated by charge transfer bands.
Although complexes of aromatic diamines with first row transition 
elements are well known, 3 7 3 - 3 7 6 none have been reported for
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vanadium (II) . o-Phenylenediamine (OPD) forms a variety of 
complexes with first row transition elements3 7 3 ” 376 and can be 
monodentate and/or bidentate in metal complexes. 3 7 4 ” 378 As early
3 7 0  T T T Tas 1929 Hieber and coworkers ' reported complexes of Cdx , Co ,
Cu11, Ni11 and Zn11 containing from one up to six molecules of
374—382the (OPD) ligand and there have been several papers since. ' 
Nickel(II) complexes containing 1,2,3,4 or 6 molecules of 
o-phenylenediamine(OPD), and complexes of 4-methyl-o- 
phenylenediamine (MOPD) with 3,4 or 6 molecules have been 
reported. 3 7 4 , 3 7 6 , 3 7 7  The reflectance spectra indicate an 
octahedral environment for the nickel atom. Using the N-H and 
C-N stretching frequencies as indicators, the type of 
coordination for each complex was determined. 3 7 6 , 3 7 7 ' 3 7 8 The 
hexakis-complexes were proposed to have six unidentate ligands. 
The tetrakis-complexes were considered to have two bidentate and 
two monodentate diamine molecules in a trans configuration. The 
bis- and tris-(amine) species were suggested to have only 
bidentate ligands with two anions co-ordinated in axial positions 
in the bis(amine) complex. The mono(OPD) complexes are 
considered to involve bridging halide.
Recently chromium(II) complexes of type Cr(0PD)nX2 (n = 1,2,6, X
= Cl; n = 2, X = I, NCS; n = 4, X = Br, CF3 SO3 ) have been
383isolated. All compounds are magnetically normal except
Cr(0 PD)Cl2 and [Cr(OPD)2 (NCS)2 I which show antiferromagnetic 
behaviour due to bridging anions, and single crystal studies have
-321-
shown that [Cr(OPD)4 ](CF3SO3 ) 2 383 and [Cr(OPD)2 (NCS)2 13 8 4 have 
octahedral structures.
8.2 AIM OF WORK
One paper has appeared on vanadium(II) complexes with aliphatic 
diamines and nothing is known of complexes of aromatic diamines. 
Since the aromatic ring can influence the stereochemistry of 
metal complexes, it was thought worthwhile to extend the 
vanadium(II) investigations to complexes of aromatic diamines.
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8.3 EXPERIMENTAL
All preparations and measurements were carried out as described 
in Chapter 2. o-Phenylenediamine and 4-methyl-o-phenylenediamine 
were recrystallised from ethanol and dried in vacuo. Attempts to 
prepare bis-, tris- and hexakis-diamine complexes of vanadium(ll) 
were made by using different ratios of ligands, but in all cases 
tetrakis-diamine complexes were isolated.
1. Tetrakis(o-phenylenediamine)vanadium(II) chloride
An ethanolic solution of VCI2 .4H2O (2.64 g, 0.0136 mole in 
30 cm^) was mixed with an ethanolic solution of
o-phenylenediamine (2.93 g, 0.0271 mole in 10 cm^) and then the 
reaction mixture was heated to boiling. The light green compound 
which separated from a purple solution was filtered off, washed 
with ethanol (25 cm ) and dried under vacuum at room temperature 
for 4 hours. It turned reddish brown on exposure to air (yield = 
80%) .
Calculated for: _C H N V
C24H32n 8VC12 51.98; 5.81; 20.19; 9.20%
Found 50.93; 5.90; 19.18; 9.08%
2. Tetrakis(o-phenylenediamine)vanadium(II) bromide
o-Phenylenediamine (2.10 g, 0.0194 mole) was mixed with an
ethanolic solution of (1.21 g, 0.0038 mole in 40 cm^).
The reaction mixture was refluxed on a water bath for about half
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an hour, after which a light green solid appeared. It was 
filtered off, washed with ethanol (25 cm ) and dried under vacuum 
at room temperature for 4 hours. It turned brown on exposure to 
air within a few minutes (yield = 75%).
Calculated for: _C H N V
C24H32N8VBr2 44.79; 5.01; 17.40; 7.93%
Found 45.16; 5.07; 16.94; 7.82%
3. Tetrakis(4-methyl-o-phenylenediamine)vanadium(II) chloride
VCl2 «4H20 (1.00 g, 0.0052 mole) was dissolved in absolute ethanol 
(30 ml). To the resulting dark purple solution, the 4-methyl-o- 
phenylenediamine (1.22 g, 0.0010 mole) was added. The reaction 
mixture was heated until all ligand had dissolved. The resulting 
purple brown solution was concentrated to half volume and allowed 
to stand. The light yellowish green compound which separated was 
filtered off, washed with ethanol (25 cm^) and dried under vacuum 
at room temperature for 4 hours. It turned reddish brown in a 
few minutes on exposure to air (yield = 70%).
Calculated for: C! H N V
55.08; 6.60; 18.34; 8.35%
54.84; 6.63; 17.75; 8.20%
C28h 40n 8VC12
Found
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4. Tetrakis(4-methyl-o-phenylenediamine)vanadium(II) bromide
VBr2 »6H20 (2.30 g, 0.0072 mole) was dissolved in ethanol (30
cmB). To this was added an ethanolic solution of 4-methyl-o- 
phenylenediamine (2.35 g, 0.0192 mole in 10 cm'*). The reaction 
mixture was heated to boiling; the light green compound separated 
immediately. It was filtered off, washed with ethanol (30 cm ) 
and dried under vacuum at room temperature for about 4 hours. It 
turned brown in a few minutes on exposure to air (yield = 70%).
Calculated for: C II N V
48.08; 5.76; 16.00; 7.29%
46.84; 5.78; 15.10; 7.31%
5. OTHER PREPARATIVE STUDIES
Attempts to prepare the following vanadium(II) compounds were 
unsucessful. The microanalyses, which are given in Table 8.1 
were unsatisfactory.
C28H40N8VBr2
Found
-325-
TABLE 8.1 
Compounds with Microanalyses(%)
COMPOUND SOLVENT C H N
[VC12 (NH2 (CH2 )4NH2)2] Ethanol 23.48 7.17 13.46
Dark grey (22.85) (5.76) (13.33)
[VBr2 (NH2 (CH2 )4NH2)2] H 20.96 5.42 11.19
Dark grey (24.82) (6.25) (14.46)
[vci2 (c6h5nh2)4] H 45.90 6.42 6 . 6 8
Grey (58.30) (5.71) (11.32)
[VBr2 (C6H5NH2)4] it No solid isolated
[V(C6h8N2 )3 ](SCN) 2 Water 2.75 2.06 0.98
Dark brown (48.92) (4.92) (22.81)
[v(c6h8n2 )4 ]so4 Ethanol 18.47 3.84 6 . 1 2
Blue (49.74) (5.52) (19.34)
[V(MeNH2 )nCl2] it Not analysed
Black
[V(EtNH2 )nCl2] i I
Black
[V(C6HgN2 )nCl3]a H No solid isolated
Calculated values are in parenthesis 
a = Vanadium(III) compound.
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8.4 RESULTS AND DISCUSSION
8.4.1 MAGNETIC PROPERTIES
The results of magnetic susceptibility measurements (90-295 °K) 
are shown in Table 8.2 and Figures 8 .1-8.2.
The effective magnetic moments of these complexes are in the 
range 3.69 - 3.83 B.M., which are close to the spin-only value of 
3.87 B.M. and are almost independent of temperature. This is 
expected for magnetically-dilute vanadium(ll) compounds.
Similar magnetic behaviour was earlier reported for the aliphatic 
and heterocyclic amines9 0 ' ' 9 5 ' 136 and other vanadium(ll) 
compounds.141'143,385 T^e vaiues Qf the magnetic moments are 
further confirmation that the complexes are of vanadium(ll) and 
are mononuclear.
8.4.2 REFLECTANCE SPECTRA
The results of reflectance spectral investigations are shown in 
Table 8.3 and Figures 8 .3-8.4.
The electronic spectra of all vanadium(ll) complexes with 
o-phenylenediaimine and 4-methyl-o-phenylenediamine are similar 
and contain three bands at about 15000, 20000, and 26000 cm-1. 
These are attributed to the 4A 2i-»'Sg(V» 4A2g^ 4 Tig(F)(Vz) 
and 4 A2g * 4Tlg(P)(v3) transitions, which are expected for 
octahedral vanadium(II).90,136,137,141,143,385 However, the
spectrum of [V(M0PD)4 ]Br2 shows one very broad band in
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TABLE 8.2
Magnetic Susceptibility Data of Aromatic Diamine Complexes of
Vanadium(II)
Compound
[ V( C6H8N) 4 cl2
0 = 3 °
Diamagnetic correction = -256 
[V(C6H8N2 )4 ]Br2
0 =5°
Diamagnetic correction = -277
[v(c7h1 0n2 )4 ]ci2
0 = 9 °
Diamagnetic correction = -304 
[V(C7H1 0N2 )4 ]Br2
8 =  1 °
T(°K) *A i/xA -V ef f
x 1 0 6 x 1 0 - 5 (b .m .)
295 6237 1.600 3.83
263.5 6984 1.432 3.83
231 8151 1.227 3.88
198 9409 1.063 3.86
167 11074 0.903 3.84
135.5 13883 0.720 3.87
105 17927 0.558 3.88
91 20691 0.483 3.88
x 1 0 ~ 6 c.g.s. units per mole.
295 5975 1.674 3.75
263 6786 1.474 3.77
231 7553 1.324 3.73
199 8922 1 . 1 2 0 3.77
167 10643 0.939 3.77
136 13251 0.755 3.79
105 17283 0.579 3.81
92.5 2 0 0 0 1 0.500 3.84
x 1 0 “ 6 c.g.s. units per mole
295 5779 1.730 3.69
263 6417 1.558 3.67
231 7196 1.389 3.64
198 8419 1.188 3.65
165 9890 1 . 0 1 1 3.61
135.5 12162 0.822 3.63
104 15711 0.636 3.61
x 1 0 “ 6 c.g.s. units per mole
295 6221 1.607 3.83
263 7005 1.427 3.83
230 8136 1.229 3.86
198.5 9486 1.054 3.88
167 11148 0.897 3.85
137 13779 0.726 3.88
104 17645 0.567 3.83
90 20242 0.494 3.82
Diamagnetic correction = -324 x 10 e.g.s. units per mole
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the region 11760-18180 cm” ,^ which can be assigned to
superimposed (v^ + ^2  ^ transitions.
The energies of bands are not halide dependent, a fact consistent 
with the absence of halide coordination. In addition, in the 
spectra of the bromides appears at slightly higher energy than in 
the chlorides and this is opposite to that expected if halide
1 ^  ftwere coordinated. The band positions are similar to those
reported for other regular octahedral vanadium(ll) complexes with
1 OC
coordinated diamines and uncoordinated halides. However,
appears at lower energy as compared to the aliphatic diamine 
complexes.90,136
The frequency of the first transition for these complexes
corresponds to the value of the ligand field splitting parameter
lODq and this may be compared with the values of about 15500 cm“^
for 3(en) and 2(dien) 12000 cm"’^  for 6^0^®^ and 8000 cm-1
for 6C1.^®^ The slightly lower lODq values of the aromatic
diamine complexes compared with those for the aliphatic diamines
377may be due to the lower basicities of the aromatic diamines ' 
and smaller ligand field strengths. The values of v2/vi 
Table 8 . 3 are normal for regular octahedral complexes.
The assignments are also supported by a comparison of the spectra 
of the vanadium(II) and analogous nickel(II) complexes. Values 
of lODq for vanadium(ll) are usually 1.4 times those of 
nickel(II) , and since the lODq values of tetrakis(OPD) and 
tetrakis(MOPD) complexes of nickel(ll) are about 10100, and
-331-
TABLE 8.3
Reflectance Spectra of Vanadium(II) Complexes with
Aromatic Diamines
Compound Band positions in cm“^(nm)
v
1
V
2
v V /V 
2' 1
[V(C6H8N2^  4-^ cl2 14820 (675 )br 20000(500)sh 26180(382)s 1.35
Light green
tv(c6H8N2)4-,Br2 14600 (685)br 20000(500)sh 26320(380)s 1.37
Light green
[V(C7H10N2)4]C12 14820(675)br 20000(500)sh 26320(380)s 1.35
Light Green
[V(C7H10N2 )4 ]Br2 11760(850) - 18180(550)vbr 26670(375)s -
Light green
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—  1 3 7 79800 cm respectively, the observed energies are in the
region predicted (Table 8.3).
8.4.3 INFRARED SPECTRA
The main infrared and far infrared bands of the vanadium(II) 
complexes with free o-phenylenediamine and 4-methyl-o- 
phenylenediamine are given in Table 8.4. The bands observed in 
the region 600-200 cm"^ are reproduced in Figure 8.5 and 8 .6 .
These complexes appear to contain both uni- and bi-dentate 
diamine from the complexity of the spectra in the C-N and N-H 
stretching regions. The infrared spectra of o-phenylenediamine 
and 4-methyl-o-phenylenediamine complexes with bivalent Fe, Co, 
Ni, Cu, Zn and Cd have been discussed in detail and our 
conclusions are based on earlier reports.374-377,387-389
In free o-phenylenediamine, and 4-methyl-o-phenylenediamine the
CN stretching frequency occurs at about 1270 and 1280 cm"^ 
3 77respectively . It is usually found with aromatic diamines that
377 390on coordination the CN stretching frequency is lowered '' by 
20-50 cm"^. With the complexes reported here, however, where 
some uncoordinated amino groups must certainly be present from 
the formulae, a strong C-N absorption is also found at 1280-1290 
cm“ ,^ as in free ligands, together with absorption in the 1235- 
1255 cm-* region associated with co-ordinated amino groups. 
Hence, a strong band in the 1280-1300 cm-* region appears to be 
diagnostic of the presence of uncoordinated amino groups in 
diamine complexes.
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However, complex infrared spectra would be expected in the NH 
stretching region as in each case there are unequivalent NH2
ooq
groups. Barvinok and Bukhareva have suggested that the 
presence of NH stretching frequencies in .o-phenylenediaimine 
complexes near to those found in free ligand is diagnostic of the 
presence of uncoordinated amine groups. This criterion has been 
successfully applied to complexes of bivalent metal 
i o n s ^ ^ ' ^ ^ ^ ^  and also receives complete support from our work; 
it gives results agreeing with those obtained from the CN 
vibrations.
Vanadium(ll) complexes with both o-phenylenediamine and 4-methyl-
o-phenylenediamine show bands in the region 3310-3410 cm-* and
3115-3220 cm-* (Table 8.4) assigned to V(N-H). The bands in
^ 77
these regions have also been observed in analogous nickel(II) 
and iron(II)complexes and have indicated the presence of both 
coordinated and uncoordinated amino groups.
The far i.r. spectra of 4-methyl-o-phenylenediamine complexes 
show a band at ca. 330 cm-1 which may tentatively be assigned to 
v(V-N). In 4-methyl-o-phenylenediamine complexes'*^ of
nickel(II) this band has been found at ca. 270 cm-*. The higher 
value in vanadium(ll) compounds is expected*^ because of 
slightly lower mass and greater Dq values as compared to 
nickel(II). However, in o-phenylenediamine vanadium(II)
complexes this stretching vibration is not easy to observe due to 
strong ligand absorption in this region. The absence of any band
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Fig. 8.5
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in the (V-X) region indicates that the halides are not 
coordinated.
8.4.4 STRUCTURE
The analyses agree with the formula [V(L)^]X2 (L = 
o-phenylenediamine or 4-methyl-o-phenylenediamine; X = Cl or Br) . 
The reflectance spectra and magnetic moments indicate an 
octahedral structure for these complexes while infrared spectra 
show the presence of both coordinated and free amino groups of 
the diamine molecules, and the absence of coordinated halide. A 
structure (Fig. 8.7) consistent with all these observations is 
that in which two diamines are coordinated to vanadium as 
bidentate ligands and two as monodentate ligands. It may be that 
two bidentate diamines form a plane while the axial positions are 
occupied by two monodentate diamine molecules. It is also 
assumed that the donor atom in the monodentate diamine is rotated 
away from its position in a bidentate diamine molecule.
-340-
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